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PREFACE 

This Report is part of a continuing Rand study, sponsored by the 

Defense Advanced Research Projects Agency, of selected areas of Soviet 

science and technology.  It is based on comprehensive coverage of the 

Soviet literature exclusively in the public, domain, as well as on exchanges 

between U.S. and Soviet specialists at international MHD conferences 

and meetings. 

The present Report is the first of two that will deal with Soviet 

magnetohydrodynamic (MHD) research and development; it provides an 

overview of U.S. and Soviet hardware developments, with special emphasis 

on open-cycle MHD, the area in which most of the Soviet MHD effort 

appears to be concentrated. The second report will examine ir  greater 

detail developments in U.S. and USSR MHD materials research, perhaps the 

major problem area in MHD technology. 

...^.^i.^..-^.^^-.^-..^^,. 
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SUMMARY 

The size and scope of the Soviet MHD-power generation program far 

exceeds that of the United States. The USSR is now operating the world's 

first MHD power plant, currently attaining 5 MW(e) of a 25-MW(e) planned 

power output.  The Soviet closed-cycle MHD program appears to be small 

and lags that of the United States; the Soviet open-cycle effort (rep- 

resenting about 80 percent of their visible MHD research) leads that of 

the United States, which is believed to be about five years away from 

the construction of a pilot plant of the Soviet type. The USSR has 

considerable experience in integrated plant operation, while tne United 

States, because of its early concentration on military applications, has 

a substantially advanced understanding of high-perfor.nance MHD-generalor 

operation. 

The commercial potential of open-cycle (and to a lesser extent, 

closed-cycle) MHD power generation is considerable, especially in view 

of current energy problems. Provided certain technological problems 

can be resjlved, MHD offers the possibility of low-pollution electric- 

power pl?nts of very simple construction (i.e., no moving parts) with 

considerably improved conversion efficiencies, using plentiful high- 

sulfur coal, at capital costs comparable to those of conventional turbine 

plants. A recently negotiated U.S.-Soviet agreement provides the pos- 

sibility of coordinating the two approaches to the benefit of both 

countries. 

The present Report, in successive sections, briefly reviews MHD 

technology, traces the evolution of the MHD programs in the United Stales 

and USSR and their respective development approaches, and compares major 

U.S. and USSR MHD facilities and national program objectives. 

Preceding page blank 
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I. ».PRODUCTION 

The relatively high degree of international cooperation in magneto- 

hydrodynamics (MHD) has provided a particularly broad and detailed lit- 

erature; for this reason, this Report is based exclusively on actual data 

in the open literature on the subject. Much of the information occurs in 

the proceedings of a series of international conferences sponsored by the 

OECD(NEA)/IAEA International MHD Liaison Group in which the Soviets have 

been active participants. The three reports prepared by the group in 

1967 [1], 1969 [2], and 1972 [3], under British, American, and Soviet 

editorship, respectively, have proved especially useful. Although the 

USSR, like other countries involved in MHD development, has published 

a large number of reports, Soviet specialists tend to present their most 

up-to-date results and their most interesting engineering developments 

at international conferences.  Soviet papers delivered at the Fifth 

International Conference on MHD Electrical Power Generation in Munich, 

April 19-23, 1971, and at the most recent meeting of the MHD Liaison 

Group in January 1973 *ere especially useful.  Soviet publication in MHD 

tends to treat very narrow subject areas in great detail and, at i_he same 

time, to omit new hardware specifications; nevertheless, Soviet publica- 

tions have also been extensively used in the preparation of this Report. 

The present Report, in successive sections, briefly reviews MHD 

technology, power systems, and some of the applications for which MHD 

has been proposed or is currently being considered. However, since the 

Report's main purpose is to provide a comparative overview of U.S. and 

USSR technologies, a major part is devoted to the history of MHD develop- 

ment in these two countries, respective development approaches, and cur- 

rent status of individual programs. 

The concluding section briefly reviews the information presented 

in detail in the main body of the Report.  Finally, the outcome of cur- 

rent Soviet programs is estimated and the various implications for U.S. 

technology development are a'scussed. 

tiiMa UtttfMte ■  ■ ■■ —— MM« ^^*L^!J^^ ■aAi^S^.iäSi -.'«£ 



& 

Unisys 

HISTORICAL BACKGROUND 

Magnetohydrodynamic electrical power generation was first recognized 

by Michael Faraday as technically feasible during his original investi- 

gation of electromagnetic induction in 1831.  It appears in the patent 

literature from the early 1900s. The first recorded attempt to develop 

an MHD generator was conducted at the Westinghouse Research Laboratories 

befo.e and during World War II. After World War II, MHD emerged as one 

component of developing interests in the understanding and utilization of 

ionized gases or plasmas under high-temperature conditions. Several 

preliminary studies of the MHD-power-generation process were made in the 

United >_ates in the late 1950s, and interest was expressed by both com- 

mercial eiectric-power systems organizations and the Department of Defense. 

The advent of the space program quickly established NASA interest. 

Approximate calculations in the late fifties and early sixties 

indicated quick and early success; thus, a relatively ambitious large- 

scale program was undertaken in the United States, and two large open- 

cycle generators were built. Both of these efforts provided a valuable 

large-scale demonstration of MHD capability, but the performance was 

lower than that predicted by the relatively unsophisticated calculations 

then carried out.  There followed a period in which MHD turned to small 

experiments in which the problems that plagued the large generators 

were adequately demonstrated and solutions found. The technically 

unfavorable climate generated by the early, relatively low performance 

was turned around when it became possible to demonstrate, in a fairly 

small apparatus, power densities and power-extraction rates that exceeded 

those in the larger, less sophisticated machines.  Since the early 1960s, 

there have been substantial efforts in several countries in addition to 

the United States to develop this technology for a number of applications, 

anö good progress has been made, although the first service application 

of MHD has yet to be undertaken. 

After 1959, MHD programs developed rapidly. Of particular impor- 

tance in the area of commercial MHD was the joint effort between the 

Avco Corporation and a group of private utilities headed by the American 

Electric Power Service Corporation. This group set 3ut to develop MHD 

for coal-fired, baseload central-station application and made significant 

«MMHkMI ^.■.j.-gim.w, .^.oi;.,.:-:. JMjut.-.'jaai.-^ij^. a 



progress in both MHD generator development and associated components. The 

work progressed far enough to include the preparation of preliminary 

engineering design of a 30-MW pilot plant, but in 1966, efforts by the 

Avco utility group to obtain government support for a joint pilot-plant 

venture failed, and shortly thereafter there was a very substantial 

curtailment of all MHD activities. 

Soviet scientists have described the origin of Soviet MHD interest 

as follows. By the early 1950s information on the original pre-World 

War II experiments at the Westinghouse Research Laboratories and the 

immediate post-World War II work by Professor Thring and his associates 

at the university of Sheffield in England had reached the USSR. That 

and the successful feasibility demonstrations in the United States in 

1959 provided V. A. Kirillin, now Chairman of the Committee for Science 

and Technology, and A. E. Sheindlin with the rationale to initiate an 

MHD-research development program in 1961. Sheindlin's assumption of the 

directorship of the Institute of High Temperatures provided an oppor- 

tunity to develop MHD within this organization, which up to then had been 

concerned with the systematic study of conventional high-temperature 

properties of materials. 

Talk of a Soviet MHD program reached the West in 1961. The first 

contact with the Soviet group was made in 1962, when Sheindlin and 

E. P. Velikhov, Deputy Director of the Kurchatov Institute of Atomic 

Energy, appeared at the First International Conference or. MHD in 

Newcastle-upon-Tyne, England. Their impact was immediate: Sheindlin 

announced that the USSR had embarked on a program to develop commercial 

MHD, and Velikhov presented some fundamental analysis of the instabil- 

ities which could be expected under certain conditions in MHD plasmas. 

The current Soviet MHD effort appears to be concentrated on open- 

cycle MHD applications, which have the most promising future at the 

present time, but work is also being carried out on closed-cycle systems. 

Open-cycle work began in the early sixties and, initially, consisted of 

fundamental physical and MHD research; this constituted Phase 1 of the 

program described by Sheindlin. By the mid-1960s, the Soviets began to 

develop a small-scale model of a complete commercial MHD plant (Phase 2), 

and in 1965, they completed this model, the U-02 installation, which has 

—^— MW« —- ■ 
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since been used continually as their main small-scale experimental plant. 

The U-02 was followed by the larger Kiev facility and the still larger 

ENIN-2 in 1970. The highlight of the Soviet open-cycle effort and the 

beginning of their Phase 3 occurred in March 1971 with the startup of 

the U-25, the first complete, large-scale (25-MW MHD-power) central- 

station pilot plant.  If the U-25 is successful, the Soviets plan to build 

at least one commercial-scale, intermediate-load and/or baseload MHD 

electrical power station (Phase 4). 

Sheindlin's Institute of High Temperatures has always been in the 

forefront of the Soviet MHD effort and has been conducting research on 

practically every aspect of MHD technology development — from plasma 

physics, materials development, and diagnostic techniques to the con- 

struction of complete open-cycle pilot plants and work on closed-cycle 

plasma and liquid-metal MHD. While the group at this Institute has been 

the largest visible component of the Soviet MHD program, other interests 

have developed as well — notably, at the Krzhizhanovskiy Power Institute 

in Moscow, where a considerable amount of MHD generator testing has been 

done. The interest in coupling MHD to nuclear reactors for bojh space 

and terrestrial applications led to major activity for some years at 

the Kurchatov Institute of Atomic Energy under the general direction of 

the late Academician Millionshchikov and the immediate direction of 

Velikhov. Some of this work still continues, but is now, according to 

Velikhov, directed toward the possible utilization of a fusion reactor 

as the heat source for MHD. 

Velikhov's fusion-related MHD work probably does not represent a 

late change in direction or application. Personnel at the Oak Ridge 

National Laboratory indicated that Velikhov appeared early with the idea 

of MHD conversion of furion energy, and it may be that this has been the 

focus of his research all along. The short-time MHD experiments conducted 

in his new laboratory near Moscow could be viewed as efforts to simulate 

MHD fusion-energy conversion. Also, the analysis techniques used by 

Velikhov and many of his colleagues show a strong background in fusion- 

type studies. 

World development of MHD from 1960 has been on a relatively intense 

basis, although the budgets involved have usually never been more than a 

few percent of the amounts devoted to the development of, for example, 

 -" 'Mfcl'tB*liliMfiTiiii-------"--"iiiiiiiiiriiiir- ■■- '■■---   i     irirnrm^MM um 
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nuclear reactors. At this level of effort, MHD development has not 

attained high-priority status in overall energy technology, and it has 

been pursued in an atmosphere of continuing controversy and some skepticism. 

Indeed, of the major countries that at one time embarked on commercial 

MHD programs, Great Britain, France, and the Federal Republic of Germany 

sharply curtailed their efforts, while Japan, Poland, the United States, 

and the Soviec Union are continuing their programs on a relatively large 

scale. One of the major reasons for the decline in interest is the 

relative unavailability and cost of fossil fuels, especially coal, for 

central station power generation. 

SPECIAL APPLICATIONS 

As an energy device, the MHD generator has characteristics — e.g., 

compactness, simplicity, and high power density — which make it especially 

suitable for a variety of special applications, particularly in the military 

area.  This realization came early in the engineering development of MHD 

in the United States, and by the late 1950s, several programs exploring 

special applications were initiated. Major emphasis was placed on MHD 

for space-vehicle applications, based on the observations that MHD gen- 

erators could operate at higher temperatures than mechanical turbines with 

consequent savings in radiator weight and that, apart from the flowing 

gas itself, the MHD system involved no moving components.  It was claimed 

that the construction of a static ducting system would, a priori, lead 

to better reliability than might be expected from highly stressed, high- 

speed, high-temperature turbines.  For the U.S. space program, the most 

clearly identified goal was to use MHD as the. conversion system in a 

nuclear electric system of 300-kW output to supply electric power for 

interplanetary deep-space probes.  Difficulties in matching MHD to ultra- 

high-temperature gas-cooled reactors and the availability of the SNAP-50 

reactor led to the concentration of a major effort on liquid-metal systems 

of the condensing-cycle type, although considerable study was also applied 

to closed-cycle plasma systems. 

The United States has considered MHD for ship propulsion since 1960; 

here compactness and the absence of intermediate rotating machinery were 

felt to be important from the viewpoint of reducing noise, especially in 

mum amm—m — — 
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submarine turbines. Work was first concentrated on gas-cooled reactors 

with nonequilibrium, closed-cycle MHD generators, but the difficulty of 

finding a suitable reactor-MHD combination has led to increasing interest 

in liquid-metal MHD systems for this application [4]. 

MHD applications in other areas of U.S. defense technology have, 

until recently, been less easy to justify. A number of efforts were 

undertaken, however, which contributed significantly to the development 

of MHD technology.  Early defense interests were in the area of space 

power systems, especially for space platforms, which would require 

substantial amounts of electric power. The concept here again was to use 

a nuclear heat source, with the cycle depending on the application involved. 

An open-cycle nuclear system was shown to be feasible where relatively 

short bursts of power (up to about one hour) are required; chemical fuels 

are suitable for even shorter times. For longer power requirements, it 

was proposed to use a closed-cycle system similar to that considered for 

deep-space applications. 

With the support of the Defense Advanced Research Projects Agency, 

the Avco-Everett Research Laboratory designed, built, and put into 

operation in 19(*\  the first large MHD generator. Known as the Avco 

Mark V, it produced 32 megawatts of electrical power for a few seconds 

[5). 

A related development was the proposal to use MHD to provide the 

electric power necessary for the magnetohydrodynamic acceleration of 

a gas stream in a hypersonic wind-tunnel facility. This concept led 

to the construction of the first MHD pilot-scale facility at the Arnold 

Engineering Development Center in Tullahoma, Tennessee [6]. The gen- 

erator, known as the LORHO, was designed for 20-MW-under-peak operating 

conditions and actually achieved a peak power of 18 MW for about 10 seconds. 

It can be viewed as a model for all emergency MHD systems for both com- 

mercial use and special applications.  (The LORHO is described in more 

etail in Section IV.) 

There has been a continued and determined effort to develop compact 

MHD generators for airborne applications. The justification in this case 

is based on compactness, availability of DC outputs without the need for 

rotating machinery and rectifiers, particularly in sizes over about 5-MW 

electric output.  The largest program involving this application considered 

x ^^^äim mumm   a^.^»i*ma»JM»»&.^wM 
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the use of MHD on tactical aircraft for battlefield illumination (Project 

Brilliant) [7]; current interest is strongly directed toward providing 

power for electric laser systems. The use of the MHD principle to produce 

population inversion in a flowing gas laser is an alternative to the 

separate MHD-laser combination. 

A separate class of MHD applications broadly related to the LORHO 

pilot concept was in the area of power accelerators and thermonuclear- 

fusion devices. Again, the system argument is based on the ability of 

MHD to deliver large blocks of power for short periods. 

The historical evolution of the Soviet special-applications MHD 

program is difficult to üetermine.  It is likely, however, that the ÜSSK 

considered similar applications and drew the same conclusions the United 

States did. 

USSR programs in liquid-metal MHD apparently evolved at about the 

same time as in the United States — the early 1960s.  Information on 

these programs began to surface in ehe open iiterature at the time of 

the Falzburg International Symposium on Magnetohydrodynamic Electrical 

Power Generation in 1966. At that Conference it was revealed that pro- 

grams for the development of liquid-metal MHD were being carried out at 

a number of locations; the most prominently mentioned were the Kurchatov 

Institute of Atomic Energy, the Institute of High Temperatures, the 

Krzhizhanovskiy Power Institute, and the Institute of Physics of the 

Latvian SSR. Since then, other institutes and laboratories that were or 

still are involved in liquid-metal MHD have been identified in discussions 

with staff at conferences and in publications, including:  the D. V. 

Yefremov Research Institute for Electrophysical Equipment in Leningrad, 

Leningrad Naval College, Moscow Aviation Institute, Leningrade State 

University, Moscow Physicotechnical Institute, Kiev Institute of Electro- 

dynamics, and Kiev Institute for Heat Physics. 

INTERNATIONAL COUPERATION 

The international character of MHD research and development deserves 

special mention here. The international MHD community has been prominent 

in promoting information exchange, and this exchange simplifies the- task 

of preparing a comparative overview of MHD technology with respect to 

■"—• •- -- ■ •-"'^ ^^^^^^^^^■- ■•—■"- 
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the United States and the USSR. MHD has also been the subject of direct 

exchange between U.S. and Soviet scientists and is a major item in the 

recently negotiated Cooperative Program in Energy under the auspices of 

the U.S.-USSR Joint Commission of Scientific and Technological Cooperation. 

This development is specifically mentioned in the June 1973 energy message 

sent to the Congress by President Nixon. 

The proposed U.S.-USSR MHD program « which involves open-aycle MHD 

only  — has as its ultimate goal, according to the U.S. view, the design, 

construction, and initial operation of one or more commercial-scale MHD 

facilities in each country. The program stipulates: 

1. Exchange of technical information 

2. Joint theoretical and experimental research 

3. Cooperative design of MHD power plants 

4. Evaluation of the feasibility of joint construction and 

initial operation of a commercial-scale MHD plant. 

The specific activities anticipated under each of these four major 

headings were agreed on at the first meeting of the U.S.-USSR Standing 

Steering Committee for the Scientific and Technical Cooperative Devel- 

opment of Commercial-Scale Open-Cycle MHD Power Plants, held in Washington 

in July 1973 (see Appendix for the record of this meeting). 

The International MHD Liaison Group has also been instrumental in 

establishing ties between U.S. and Soviet MHD specialists and has provided 

some insights into the Soviet program that could not have been easily 

attained otherwise. 

iiigiaiiaffiBaMMMBlaii^Mait ■"■■-"-'■—•Yif--'-"'"' 



II.  MHD TECHNOLOGY REVIEW 

The development of MHD generators had its origin in thermodynamic, 

rather than electromechanical, considerations and specifically in the 

factors governing the performance of a heat engine and the rejection of 

waste heat. From the performance viewpoint, the improved efficiency of 

conversion of heat into useful work, given by the Carnot principle for an 

ideal heat engine, indicates that it is profitable to utilize source 

temperatures of up to about 5000° K when the heat rejection temperature 

is at normal ambient levels.  Going much beyond 3000° K, however, is 

usually not justifiable because of diminishing retuns — e.g., at 

3000° K the Carnct efficiency is .90, at 5000° K, it is .94. However, 

actual system comparisons must be made on the basis of real thermal 

efficiencies of alternative systems, and the temperature argument, 

although it illustrates the gains available from high temperature systems, 

is insufficient to establish the performance of systems on a comparable 

basis. Heat engines are usually thought of in terms of producing 

mechanical work through the interaction between an expanding working 

fluid and moving solids.  Such systems are clearly temperature-limited 

by the materials from which the actual energy collection surfaces are 

made; the most optimistic estimates for turbines do not exceed the 

working gas temperature of 2000° K. Thus, a substantial temperature 

range exists above that of existing heat engines, provided a new technique 

for energy conversion can be identified. 

This is supplied by the MHD generator, which might better be 

described as an "electromagnetic turbine." In it, the expanding working 

fluid, which is now hot enough to be electrically conducting, interacts 

with a magnetic field to produce a mechanical force of electromagnetic 

origin. Thus, energy is extracted from the working fluid without moving 

surfaces.  It is, of course, motional electromagnetic induction that is 

the origin of the force on the gas and that gives the MHD generator 

the unique capability among heat engines of delivering its output work 

directly in electrical form. The electrical conductivity is usually that 

of thermodynamic equilibrium (i.e., all species of the working fluid are 

at the same temperature), but in certain cases the conductivity can be 

enhanced via hot electrc s (new equilibrium conditions). 

MMMI --- dM 
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It cannot be emphasized too strongly that the MHD generator must 

be assessed in terms of its performance as a heat engine that converts 

heat energy into electrical form.  In principle, it will operate with any 

heat source that can provide the necessary inlet temperature and, as a 

turbine, has the potential to provide higher overall thermal efficiencies 

than any competing turbine system. 

There is, however, one other aspect of the high-temperature operation 

of heat engines which is important as a background to the material 

presented in this Report. The preceding argument is of greatest significance 

for terrestrially based power systems.  In the case of space power systems, 

where a heat engine is contemplated for conversion purposes, the launch 

weight, especially of the radiating system for waste heat rejection, becomes 

a primary concern. Thus, a turbine capable of operation at high temperatures 

is required to minimize radiator weight. Here again, the electromagnetic 

tuiDine has potential advantages. 

The MHD generator is a part of high-temperature heat-engine tech- 

nology:  Its successful operation depends on the resolution of identifiable 

turbine performance and materials requirements, and its overall performance 

depends on the system in which it is embedded as the energy-conversion 

device. Finally, the heat source with which it is associated depends on 

the intended application and on the availability of high-temperature heat 

sources compatible with MHD technology. 

The interaction between an electrically conducting gas and an 

electromagnetic field involves a volume process which distinguishes the 

MHD generator from mechanical turbines where blading surfaces must be 

provided.  Losses depend on MHD generator wall area; thus, performance is 

improved as the output power is increased, i.e., as the volume-to- 

surface ratio increases. The electrical power level at which MHD becomes 

attractive depends on heat source conditions, but in no case is it less 

than about one megawatt. 

The startup time of an MHD generator is basically set by the time 

taken to fill the generator working volume with ionized gas at the 

required velocity, that is, in excess of 500 meters/sec; thus, basic 

generator startup in milliseconds or less is possible, and actual system 

startup times are determined by the heat source, materials, and checking 

procedures. 
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MHD HEAT SOURCES 

In principle, the electromagnetic turbine can operate between arbi- 

trary source and sink temperatures, but most working fluids appropriate 

for heat engines do not become sufficiently electrically conducting 

until they have attained temperatures of the order of 8000° K. Accord- 
I 

ingly, some method is required to "seed" the working fluid, except in 

the case of metal vapors, which show adequate conductivity upwards of 

about 2000° K. 

One seeding method, resulting in what is often referred to as 

"plasma MHD," involves the introduction of small amounts of an alkali 

metal, potassium and cesium being preferred because of their low ionization 

potential. At temperatures above about 2500° K, this seed material is 

completely ionized thermally and provides the electrons required for 

plasma conductivity.  In the case of monatomic gases, these electrons 

can attain temperatures significantly higher than that of the working 

gas and, under these nonequilibrium ionization conditions, adequate 

conductivity is possible down to temperatures as lotf ;s i5G0'' K. 

A quite different approach to gas seeding is to introduce a liquid 

metal in sufficient quantity to form a two-phase flow comprising a liquid- 

metal matrix with trapped gas or vapor bubbles. This arrangement is limited 

only by the melting and boiling points of the liquid selected (usually 

an alkali metal) and the availability of containment materials and is 

typically considered to be suitable in the range of 800° to 1300° K. 

Eeyond 1300° K, volatility problems become serious. 

Plasma MHD needs a heat source temperature of at least 2500° K for 

thermal ionization and 2000° K for some extrathermal mechanisms.  It 

can be recognized immediately that naturally occurring or distillate 

fossil fuels, burned either with oxygen or compressed, preheated air, can 

attain the required temperatures for all plasma MHD systems. A nuclear 

heat source of the gas-cooled variety is also a possibility, at least 

for nonequilibrium ionization, as has already been demonstrated by the 

performance of the Nerva nuclear-rocket engine and by the predicted 

performance of ultra-high-temperature gas-cooled reactors. However, a 

^.^^■iiMitta»^^.,^.^^^ M  ; —■-»"*"»*"***'■•■■' 
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nuclear MHD system Implies a major heat source development, whereas with 

fossil fuels the „eat source situation is much more straightforward. 

Since a liquid-metal MHD system involves separate gas and liquid- 

metal streams which are mixed only in the generator interaction region, 

it is possible to add heat to either stream. This in turn indicates 

that either a gas-cooled rr a liquid-metal-cooled reactor can act as the 

heat source. High temperature gas-cooled reactors currently under 

development represent a po^sntial heat source, and possible extensions 

of liquid-metal-cooled, fast-breeder-reactor technology to temperatures 

above 800° K would provide a temperature range beyond the capability of 

the steam turbine but entirely suitable for liquid-metal MHD systems. 

Other heat sources of a more speculative kind should not be over- 

looked in connection with MHD systems. The gas-core reactor removes 

the limitations associated with solid-fuel-element operation at high 

temperatures and provides a working gas for MHD generators in the 

appropriate temperature range. The use of lithium in fusion reactors 

may provide a possibility of operating either a liquid-metal system or, 

if lithium vaporization is possible within the fusion reactor, a plasma 

system based on lithium vapor as the working fluid.  Finally, interest 

has recently been expressed in the possibility of using solar-derived 

heat to raise the MHD working substance to the requisite temperature 

range. 

In all of the foregoing, it has been assumed that direct burning of 

the primary fuel (either chemical or nuclear) is used to obtain the 

necessary temperatures for the MHD working fluid. However, the derivation 

of a synthetic fuel using a nuclear source of process heat provides yet 

another situation in which MHD generators may be utilized.  In the so- 

called hydrogen economy, an MHD generator operating on water vapor 

derived from hydrogen combustion with oxygen is yet another way in which 

the MHD processes may be utilised as the heat-to-eiectric-onergy conversion 

mechanism. 

This review of the variety of heat source possibilities, for MHD 

generators has been included both to emphasize the energy conversion 

aspect of MHD and to dispel the notion that somehow MHD systems are 

related to coal and are in competition with nuclear-power systems. The 

awtmammm .^,*..,^,^,^.^,. ,.*„ ..-,-.,»,.„....,■ 
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situation is summarized by observing that MHD generators, being heat 

engines, are in competition with other energy-conversion technologies 

such as  gas turbines,  alkali-metal-vapor turbines and steam turbines, 

as well as with nonthermodynamic processes such as  fuel cells.    MHD 

will be successful if it can show advantages with respect to other 

energy-conversion technologies. 

MHD CYCLES 

Much has been written on the many alternative MHD cycles and these 

will only be briefly reviewed.  A major distinction is between open- and 

closed-cycle systems in which the working fluid is used on the once- 

through basis or recycled to the heat source, respectively. The 

operation of MHD genera.ors directly on combustion products is an obvious 

application of open-cyc .e systems, but an MHD generator operated with a 

Nerva-type nuclear heat source can also be operated on an open-cycle 

basis. 

While the selection of the open cycle is an obvious choice in the 

case of combustion gases r.nd enables the heat source and the MHD 

generator to be thermally connected without any intervening heat transfer 

surface, a nuclear reactor using solid-fuel elements requires the selec- 

tion of a working fluid which has the following three properties:  (1) must 

be capable of providing heat transfer under reactor operating conditions; 

(2) does not require excessive compressor work; and (3) is not rendered 

active within the reactor (otherwise an intermediate primary cooling 

loop would have to be used to contain the radioactive products). Helium 

most nearly fits all of these requirements and, as already explained, 

can give a substantial increase in electrical conductivity at the upper 

limit of reactor gas-stagnation temperature (around 2000° K) due to 

nonequilibrium ionization. 

PLASMA INSTABILITIES 

The establishment of nonequilibriu;n ionization conditions has   the 

consequence that a relatively  fast-growiug instability can develop under 

plasma conditions  representative of MHD-generator duct  requirements.     The 

mechanism for electron heating is provided by the electric  currents  in 

MB« irn r innnnr- mmm mmm MMflM MHi ..^--^tJa.a.-M.-.-j.- A...  . 1M^ 
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the gass termed Joule heating. If the electron density increases in 

any part of the plasma, the conductivity will increase locally, causing 

the current density to increase in that part of the plasma, and this 

increase, in turn, further increases the electron density. The process 

continues until the region cannot support further increases; then 

it transfers to another location. This fluctuation results in 

electromagnetic turbulence, which like its fluid counterpart, increases 

energy losses (mainly because the average electrical conductivity of 

the plasma is less than predicted by simple theory). It is possible, 

however, to design a satisfactory generator despite these instabilities, 

as has been demonstrated by General Electric. 

Instabilities are otherwise of little concern to MHD plasmas — 

certainly far less than in the case of fusion systems, the reason for 

this being that MHD involves primarily dense, collision-dominated plasmas 

in tiiermodynamic equilibrium. The Hall effect can generate acoustic 

waves, known as magnetoacoustic waves, but the growth rates are slow 

relative to the fluid transit time in MHD-generator ducts, and it has 

yet to be shown that these waves significantly degrade MHD-gene ^tor 

performance. 

COMMERCIAL APPLICATION OF OPEN-CYCLE SYSTEMS 

The origin of the combined cycle concept for electric power generation 

lies in the limitation of the steam turboaltemator with respect to 

boiler-tube materials which can meet the pressure and temperature con- 

ditions required by thermal efficiencies in excess of 40 percent.  It 

appears that, for all practical purposes, the performance development 

of steam-turbine systems has reached its upper limits, and only by com- 

bining steam cycles wit'" other conversion systems can significant 

increases be obtained. The MHD generator falls naturally into the 

highest temperature range where it is worthwhile to operate heat engines 

and contain the working fluid with materials which do not involve 

excessive thermal losses.  It is to be noced that MHD generators are not 

associated uniquely with steam turbines. The combination of MHD with 

gas turbines is also an attractive possibility that is receiving attention. 

1.A.I..L ■'        , t^ä 
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To achieve the efficiency potential of MH1) for central-station 

power generation,   it  is necessary to embed the MHD un'.t in a relatively 

complex cycle,  the essential  tenures  of which are shown in Fig.   1; 

Fig.   2 shows  the overall cycle flow.     Compressed,  preheated air is 

used as an oxidizer to achieve the necessary   flame temperatures, with 

ehe preheater being charged  from the generator exhaust.     A simpler cycle 

alternative, which avoids the problem of charging the air heater with 

ash- and seed-lader.  combustion gases,  involve«« the use of a separately 

fired heater; however,   this introduces a small thermodynamic penalty. 

The necessary flame temperatures  can also be obtained using oxygen enrich- 

ment;   it has been estimated that oxygen costs would have to be less  than 

about $4 per ton before  this would be economically competitive with 

the use of preheaters   [8]. 

Many  cycle analyses have been conducted on binary MHD-steam-plant 

cycles and complete agreement has been established on the expected 

overall performance and the needed component specifications.     It  is 

necessary to operate the generators with a magnetic  field in the range 

of 4-6 Tesla  (advanced generators may  operate at higher  fields),   and 

it has been shown that  this  field can be obtained economically only 

with a superconducting magnet.     The steam generator required is of a 

somewhat  different  design from that  employed in conventional power plants, 

because of the high temperature of  the MHD generator exhaust,  the 

presence of ash,  seed,   and slag   in  the combustion products,   and  the 

need to control  the decomposition of  the high NO    levels   found in MHD 

combustors.     Another  important component required by an MHD system is 

an inverter to couple the DC output of the MHD generator to AC power 

lines.     Experience has been gained — almost  all  of it  in  the USSR — 

in operating MHD generators through an inverter system.     It  is  antici- 

pated that  the inverters will be similar to those developed  for 

asynchronous  links  in long-distance-electric-power-rtansmission lines. 

Cycle analyses hava  generally established that  the operation of  first- 

generation-MHD combined cycles will  lead to efficiencies  in the 

range of 48-52 percent with preheat  temperatures around  1500°  K,  and 

that  later improvements  in all aspects  of MHD technology  can raise  th..s 

« 

 --  „  —rMammum ^^„^...-^ jiAfaa.t. .-^ 



SwySjaJS^WfwWJfl itv-i-r-?«r^™^^^w-^7^3^^.;jfj^^i^-; ■ ■■■ ■ ^'^■.^r^^B^^ggrg^y^^f'-a'^ :;I^T™ ?=^;J>-'*-^;^*:>T?^^ 

16 

SUPPL. 
MKD      STEAM 

POWER   POWER 

ML ifi. AIR IN       rSTEAM TURBINE 

INVERTER 

COAL 

CLEAN STACK 
CONDENSER WATER GAS 

CHEMICAL RECOVERY 
OF FIXED NITROGEN 

AND SULFUR 

RECOVERED SEED 

Fig.  la — MHD steam cycle [8] 

•"•«-SULFURIC ACID 
*- NITRIC ACID 

MHD POWER 

COAL 

AIR 
IN 

AUX.AIRTUR3.: 

 I 

^S~~0 ^ 
MHD-GEN. 

CLEAN STACK 
6AS 

COMPR CHEMICAL RECOVERY 
OF FIXED NITROGEN 

AND SULFUR- 

AIR HEATER 

GAS CLEANING 

RECOVERED SEED 

Fig.  lb — MHD air-turbine cycle  [ 8] 

•^»SULFURICACID 
•►NITRIC ACID 

-  —   - 



fpppp^ssp«* mm^iwj-^^^m&^m^-sm^'*''' i^!^^^gai^yi^wp^'tiPS'.|fjgjiyT 

■MiaMaa OHM 
MB^HlH 

< 

17 

COU:itt.«0T liS/N« 
•W    : t.tiT.«TO HS/H« 
tICl ' I* K  •» *(I«HT 

tTOM* 

tomooofw 

ISIS. 

ttT 

»ooo *r »f»'r 

Lf 

(ONO 

COt» 
run» 

STC»M 
CCK 

•23 ww 

LJ 
aTill STt»M 

•tftlT 

l T »I* 

IT 

cco 
tllMW 

«•O'F 

»25 »TU 
50»*f 

CfUSATO^j-Tj^ MIATCR 
KP 

Mt*!!"» 

iiil C0»L 
0R1H.G 

tco 
ICuw 

5'tC«lS« I??M« 
OWNlOSS 24«* 

JOOV 

Fig. 2 — Overall cycle-flow diagram [8] 

overall efficiency to beyond 60 percent.  It has been found that about 

half of tl:<? electrical power is generated by the MUD unit and the 

balance by the steam part of the cycle.  The performance of the MHD 

generator is expected to improve with advancing technology, and this 

will raise its share of the total output to around 70 percent. The 

main function of the steam cycle, then, is to drive the air compressor, 

and the consequence of technology improvements is to increase the 

utilization of the high-temperatu. ■ end of the thermodynanic cycle 

for electric-power generation. 

To the extent that economic evaluations can be mace in advance of 

the development of a technology, the costs of MHD-steam-power plants 

have been shown to be competitive with those of corresponding con- 

ventional fossil-fired plants when the cost of pollution control is 

ÜÜÜÜÜÜH 
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included. Because of higher efficiency and, therefore, better fuel 

utilization, operating costs are less. The bus-bar costs of electricity 

generation by MHD is generally projected to be as much as 20 percent 

lower than conventional fossil-fired plants can achieve. Although the 

economics of MHD must remain in some question until further advance 

of the technology has been made, the observation that the steam plant 

provides about 50 percent of the electrical cutput also implies that the 

components involved are either conventional technology or represent only 

small modifications of existing practice. Thus, about half the 

electrical capacity of the plant can be priced rather accurately; 

the chief uncertainties are in the MHD unit, particularly in the super- 

cone ucting magnet and the preheaters. The simplicity of the MHD ducts 

and the straightforward construction of the diffusers lead to the con- 

dition that these terms are a relatively insignificant part of the 

tctal cost. 

In addition to efficiency and cost considerations, MHD has been 

viewed fivorably for commercial applications because of its pollution-control 

feature; .  The overall thermal efficiency obtainable implies a reduction 

of thermal pollution which, for advanced MHD cycles, is about four 

times that of the present light-water-reactor nuclear plants for a 

specified electrical output.  With MHD combined with a gas turbine as a 

bottoming stage, the need for steam condensation is eliminated, and waste 

heat is exhausted directly to the atmosphere,  -..c situation with 

respect to air pollution is more complex, but it turns out that several 

of the requirements for successful MHD operation also serve to reduce 

the emission of both particulates and noxious chemicals. The recovery 

of the seed material is required on economic grounds, and this, through 

systems oi  filters, separators, and precipitators, guarantees a high 

level of particulate removal.  Though the high temperatures at which 

MHD operates lead to the formation of large concentrations of oxides 

of nitrogen (typically 10,000 parts per million), the dwell time of 

combustion gases in the steam generator can be arranged to be long enough 

to ensure that, at all times, the NO is close to an equilibrium condition. 
x 

This leads to rapid decomposition and to the achievement of NO -emission 
x 

levels which, when the efficiency of the plant is taken into account, 
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should be substantially below those required by the Environmental Pro- 

tection Agency. The latter conclusion is, of course, based on the 

assumption that the extended Zeldovich mechanism is adequate for NO 

finite rate modeling, which it probably should be. Another useful 

consequence is that the seed material, essential to render the gas 

electrically conducting, also serves as a sulfur collector.  It is 

usually proposed to inject into the comtustor potassium carbonate 

which disassociates at the temperatures rnvolved. When recombination 

occurs, the potassium preferentially combines with sulfur to form K2SO4. 

.This can then be removed and reprocessed into K2CO3 in a simple chemical 

system which recovers sulfur in its elemental state. 

The central question regarding the utilization of MHD as an energy- 

conversion device in baseload-commercial-power generation is the future 

of fossil fuels for this type of station. About ten years ago, a 

prominent view was that light-water reactors would provide the technology 

base and experience for nuclear power and that liquid-metal-cooled fast 

breeder reactors would be available as an advanced system to utilize 

the unconverted natural uranium left over from water-reactor operation, 

as well as to breed new fuel and maximize utilization of available 

uranium supplies. Uncertainties with respect to the timetable of 

breeder development, questions as to the extent of accessible uranium 

resources, public concern for the development of nuclear power on a 

large scale, increasing energy demands, and limited nuclear-industry 

capacity have all led to a modified position in which it is now con- 

ceded that, even if nuclear systems come on line at an optimum rate, 

fossil fuels will play an extensive role in electric-power generation 

for at least several decades to come. However, as this is the time 

which it will take to develop MHD for baseload service, a long-range 

commitment to utilize fossil fuels for electiic-power generation is 

needed if MHD is to be widely used in baseload service. 

The successful development of nuclear systems for baseload service 

would still leave intermediate (2000-4000 hours per year) and peaking 

(less than 2000 hours per year) loads to be met by other technologies, 

since nuclear plants are not suitable for cycling (i.e., load variation), 

on both technical and economic grounds. At present, intermediate loading 

is covered by older fossil stations, but as demand increases, new 
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stations will be required for this service; here MHD has a further 

important commercial application, since either fossil or synthetic 

fuels (and probably oxygen) will be utilized.  It should not, there- 

fore, be concluded that MM) is a candidate only for baseload service; 

intermediate load and possibly peaking may be of greater significance. 

The utilization of MHD for emergency service (up to 100 hours per 

year), peaking applications, and intermediate loads continue to receive 

substantial attention.  In the case of emergency service, the argument 

for MHD is based on the simplicity of the equipment, the capability of 

operating in large unit sizes (unlike the gas turbine), and most important, 

the ability to make rapid starts to full power. This rapid startup 

feature has also figured prominently in arguments supporting MHD for 

military applications, and indeed, the demonstration that it can be 

achieved was originally made with military applications in view.  If a 

large MHD unit for commercial network service could indeed achieve full 

power in 10 to 15 seconds, this would qualify it as "spinning service," 

such as is currently maintained in large rotating machinery. Emergency 

MHD systems would be of the simplest kind, consisting of only a burner, 

distillate fuel, pure oxygen as the oxidizer, a channel and magnet 

assembly, a diffuser, a scrubber, and an inverter system.  The use of 

distillate fuel avoids any problems from sulfur dioxide, the selection 

of pure oxygen as the oxidizer eliminates any significant NO formation, 

and downstream scrubbing removes all seed materials. Thus, a clean 

exhaust- is obtained without any additional pollution control equip- 

ment.  Capital-cost predictions for these simple emergency units have 

shown competitive values of installed costs with respect to gas 

turbines, particularly when the size advantage of MrtD is taken into 

account.  However, the need for oxygen adds significantly to operating 

costs, and the competitive range for this type of MHD appears to be less 

than about 200 hours per annum. 

To increase the availability of MHD, it has been proposed to add 

downstream limited-temperature air heaters using metallic tubular 

construction, an air compressor, and closed-cycle gas-turbine drive. 

With these additions, oxygen would serve only to enrich air and may even 
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be eliminated if an advanced preheater is employed.    The effect of these 

additions is to increase the time range of MHD into peaking and inter- 

mediate service.    The high cost of oxygen thus  far has been the main 

factor in producing unfavorable economics  in the peaking range      However, 

the combination of MHD with a gas  turbine for intermediate service is 

more promising;   further work on this  is  required to establish its  real 

potential,  especially when the environmental advantages of eliminating 

steam turbines are taken into account. 

It is appropriate to observe in conclusion that L.     utilization of 

electromagnetic turbines implies that a working fluid of high tempera- 

ture and high available enthalpy is generated.    Inasmuch as this type 

of power generation requires various high-temperature technologies, 

the capital cost can be expected to be considerably higher than in  the 

case of simpler,   low-temperature equipment,  although  the cost  is  partly 

offset by the lower thermal capacity,  and therefore physical size,   required 

to achieve  the specified electrical output.     In baseload and intermediate 

service, where high-capital-cost equipment has the best  opportunity to 

achieve economies  through maximum utilization of plant capacity, high- 

temperature-conversion schemes appear to be most attractive.     At  the other 

end of the time scale,  the ability  to deliver large blocks  of power on 

short demand  is a valuable asset which emergency MHD promises  to meet 

economically.    Thus,  MHD emerges as a power system having as  its  primary 

characteristics high efficiency and rapid startup,   these being separately 

applicable to different energy-demand situations. 

Closed-cycle plasma and liquid-metal MHD systems with nuclear-heat 

sources have also been proposed for central-station-power applications, 

and good technical progress has been made with the generators themselves. 

However,  lack of parallel commercial reactor work has inhibited their 

development.     Certain types of liquid-metal MHD systems  eventually might 

be tied to the LMFBR and HTGCR currently under development.     Recently,   the 

use of a fossil-fuel heat source has also been proposed to enable 

these systems to be utilized commercially  [9]. 
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CLOSED-CYCLE SYSTEM AND SPECIAL APPLICATIONS 

Whereas commercial applications of MHD are attractive from an 

energy-conversion-efficiency viewpoint and have mainly involved open- 

cycle systems with combustion products in the MHD generator, special 

applications of MHD evolved from its unique performance characteristics, 

and a variety of working fluids have been considered. Among the most 

frequently cited advantages of MHD generators in the special applications 

environment are the following: 

1. very rapid startup 

2. construction simplicity 

3. increasingly favorable specific weight as output power 

increases (as dirött consequence of the volume-to-surface 

effect) 

4. ability to operate at high temperatures 

5. compactness as a thermal-to-electric-energy convertor 

There are three types of MHD systems that are commonly included ia the 

special applications category: 

1. rocket-driven and explosive-driven open-cycle 

2. nuclear-heated closed-cycle plasma 

3. closed-cycle liquid-metal 

Both clossd-cycle plasma and closed-cycle liquid-metal systems are 

closely linked with nuclear-heat sources and space and shipboard (silent- 

running engine) applications. 

The rocket-driven MHD generator takes advantage of the similarities 

between a rocket engine and an MHD combustor to create a compact, light- 

weight, extremely simple MHD system that is, at the same time, capable of 

high power densities.  Because of the MHD system's high operating 

temperature, high-plasma conductivity, cleanliness of the working gas, 

design simplicity, and limited duration of operation, the development 

problems associated with its application appear to be substantially 

less serious than those related to central-station power systems. 
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In the explosive-driven MHD generator, a seeded, shaped charge is 

used as the propellant to produce enormous power densities (hundreds 

of MW per in^) for very short periods (up to 1 msec). This high power 

density is achieved through high temperatures and the correspondingly 

high conductivity generated by the constituents of the shaped charge. 
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III.     U.S.  AND USSR TECHNOLOGY-DEVELOPMENT APPROACHES 

In contrast  to the U.S.   program which,  partly by design,  but als 

partly because of Department of Defense applications  interests, developed 

MHD generators on a high-power,  short-time basis and utilized small 

facilities   for the selection and  testing of candidate materials   (the so- 

called  two-axis approach;,  the visible Soviet program concentr~ted on 

pilot-plant development.    The Soviets reasoned that a small installation 

involving all of  the components of an MHD system should be put  into 

operation  first, both  to Lest materials  on a  long-duration basis and  to 

determine  the  problems  of  interconnecting  the various components.     The 

Soviets built  the U-02,   a small-scale,  complete MHD pilot  plant,   and 

concentrated on its  integrated operation.     This approach had,  however, 

an  important   inherent  limitation:     It did  not allow  the Soviets  to control 

separately  the experimental  parameters of  each  major component   for  the 

purpose of component  optimization,   nor  did  it  provide  the experience of 

significant MHD effects  in generator ducts. 

In  terms  of  national  energy  policy,   they  had  the considerable advan- 

tage  of a  plentiful supply of natural  gas  and so could develop MHD 

directly  for  this   fuel  along what   is  usually assumed  to be  the most 

straightforward  technological approach.     In his most   recent  U.S.   visit, 

however,   Sheindlin   indicated   that,  this  approach  is  being changed.     The 

USSR now plans  to conserve  natural-gas  resources  and,   like  the United 

States,   to proceed  directly  to coal-firing as soon as  it   is practicable. 

After some success with  the U-02   installation and,   secondhand,   the 

U.S.  experience  in  the operation of large generators, notably  the Avco 

Mark  V,   the  Soviets decided,   probably  in  1966,   to proceed  to a  full-scale 

pilot  plant.     This  decision was  apparently motivated,   to a  large extent, 

by  the  need  for a  relatively   large-scale  technology  to ensure visibility   for 

the  Soviet MHD program.     Once  locked  into a  technology  development,  the 

Soviet  MHD advocates  apparently  reasoned,   it would be difficult   for  their 

authorities  to  terminate or modify   the program.     Thus,   the Soviet MHD 

community now has  the world's   first  MHD pilot  plant,   the U-25 
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installation. This contrast in technology development and the avail- 

ability of natural gas as a fuel in the USSR have made Soviet MHD 

development a very different activity from its United States counter- 

part. 

Little information is available on MHD development work by the 

Soviet military establishment. There has been some reference to MHD 

for ship propulsion, Arctic icebreakers being used as an example of 

the type of vessel involved. 

On the U.S. military side, two large generators — the Mark V 

and the L0R1I0 — constituted important technology demonstrations and 

contributed greatly to the development of a viable MHD-generator 

technology. By the mid-1960s, Air Force efforts were concentrated 

on the development of airborne MHD. The cancellation of Project 

Brilliant caused a drop in MHD activity and interest in the Department 

of Defense comparable to the collapse of commercial interest when the 

Avco utility-pilot-plant program failed to obtain support. The post- 

ponement or cancellation of space programs involving the need for large 

amounts of electrical power led to the curtailment or termination of 

work on various aspects of closed-cycle MHD. The only new program 

initiated by the Air Force Systeus Command, through the Aero Propulsion 

Laboratory at the Wright-Patterson Air Force Base, was designed to 

lead to a 10-MW prototype MHD unit for Air Force service. 

Experimental MHD facilities in the United States, especially at 

Avco, have been developed in accordance with what has often been called 

the two-axis approach to MHD: Generator development is undertaken 

at increasingly large output powers, but for quite short operating times 

(generally a few seconds to one minute).  Steady-state fluid flow is 

obtained in a millisecond, and one minute of operation is thus more 

than adequate for checkout and measurement on large-scale machines. 

Generator development (electrical output is plotted along the 

y-axis of a power-time plot) at power levels of about 100 kW to 30 MW 

has provided detailed information on generator operation and, even with 

the relatively short operating times involved, on materials.  The major 

materials development, however, was conducted on small-scale facilities 

(equivalent to 10-kW electrical output or less) operating for up to 

200 hours (Avco obtained three months of cumulative experience). Materials 

OS   
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testing of both generator channels and auxiliary components at low power 

for extended times constitutes the other axis (x-axis) of MHD development 

and is still continuing. 

The Soviet Union, far more than the United States, has stressed 

materials development and has used its U-02 facility extensively as 

a test bed for new materials. A wide range of materials were studied 

[10-18], but as yet there appear to have been no significant breakthroughs. 

In 1972, the Institute of High Temperatures began working on fiber- 

reinforced composites — a most promising type of material — for 

MHD applications [19]. 

There is presently no U.S. work on open-cycle, high-power, short- 

duration generators, but this is planned for resumption in the near 

future.  In the U.S. program, the first time that high power and long 

duration will be attempted simultaneously will be when a pilot plant 

begins operation. 

The philosophical difference between the Soviet and U.S. approaches 

has put the two programs in quite different positions at the present 

time. As was stressed in the Introduction, the MHD generator is an 

electromagnetic turbine, and it is only through sufficiently attractive 

performance of that turbine that MHD systems can be justified.  The 

realization of these systems then becomes a matter of finding materials 

that will serve for the required periods of time under th^ environmental 

conditions imposed by the MHD system. There are two basic MHD development 

approaches that can be followed:  (1) the so-called progressive plant basis, 

or (2) the integrated plant basis — i.e., either the generator can be 

developed separately (independent of system constraints) and later placed 

in a system environment, or the entire system can be developed as a single 

integral unit. The United States chose the first approach; the Soviets 

chose the second. While the Soviet approach does have the advantage of 

providing a complete pilot plant test bed, it makes for great difficulties 

in the optimization of individual components; thus the United States has 

at the present time a substantially advanced understanding of component 

operation, particularly high-performance generators, relative to the 

Soviet groups. The Soviet investigators, however, have the experience 

of integrated plant operation. 

National fuel situations have also led to quite different develop- 

ment considerations in the United States, the Soviet Union, the European 
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Economic Community countries, and Japan. For the Soviet Union, the 

availability of natural gas has so far made this the preferred fuel for 

MHD development, and only modest attention has been given to coal firing. 

In the United States, however, the abundance of coal as a fuel reserve 

has led to the concentration of efforts on coal-fired systems so far as 

baseload operation is concerned. The need to import oil for electric- 

power generation and the high cost of coal has led all of the EEC countries 

to abandon their MHD development efforts. In Japan, although there is 

heavy reliance on imported fuel, MHD continues to be developed vigorously 

as an alternative power strategy to a totally nuclear economy. 

The described U.S. open-cycle approach, however, may be in the 

process of being revised. From 1968 to 1971, outside of two university 

programs, MHD activity concentrated on systems evaluation and program 

planning. Of the several studies undertaken, that of the panel set up 

by the Office of Science and Technology (OST) in 1968 was by far the 

most significant in the commercial MHD area.  In 1969 the Pa'el issued 

a favorable report [20] which recognized that earlier efforts towards 

the development of MHD for central-station power generation had not 

concentrated adequately on the difficult problems of coal firing; 

accordingly, the report recommended a research and development program 

devoted to those problems where the engineering data required for pilot- 

plant design and construction were lacking. 

Based on this report and with support from members of the Congress, 

the Department of the Interior, through its Office of Coal Research 

(OCR), received a small budget for MHD development in FY 1971; this 

amount was increased to about $5,750,000 in FY 1974 [21]. With this 

appropriation, OCR has been able to embark upon a program following 

roughly the outlines of the OST recommendations and now has twelve 

contractors working on different aspects of coal-tired commercial 

MHD systems. 

An important aspect of the OST report was the recommendation that 

the electric-utility industry evaluate its position with respect to MHD 

and contribute to any development program that it (the industry) agreed to 

support.  To this end, the Electric Research Council (ERC) appointed 

a Task Force on MHD which examined MHD technology from the utility 

industry viewpoint and recommended that the industry cooperate with 

the government on an MHD development program. With the assistance 

mm mmum 



«■WWWWIMW1111^ i. uiiw.^^i-n.-AiMggygy,  Jj.jfl,l.l|jt|,ijpil.i. iia^TO'mJ<IW^JW;ilUJIiaW[W#-!.;l!!|j 

28 

of the OCR, the ERC Task Force commissioned the Massachusetts Institute 

of Technology to prepare an MHD-technology assessment and to recommend 

a plan that would implement the OST report and carry MHD through the 

pilot-plant stage. At this time, no final agreement has been reached, 

either within the utility industry or between this industry and the 

government, on the plan that should be followed.  In addition to the 

MIT proposal, a number of other plans were prepared privately. 

The electric utility industry also examined its R&D goals for the 

rest of this century, and, in 1971, outlined an MHD-development plan to 

make MHD available for commercial service by 1985 [22]. A National 

Program for MHD Central Power Generation was drawn up in 1973 on the 

basis of the industry's outline, some of the ideas of the MIT report, 

and suggestions from the MHD community [23].  Figure 3 gives an overview 

of the proposed Program; Fig. 4 and Table 1 show its cost. The Program, 

which progresses through the stages of further research and development, 

a pilot plant, and finally, a demonstration plant, shows that under 

the most favorable circumstances MHD can be made available by 1985 

at a cost in the vicinity of $0.5 billion.  Adoption of this plan 

and its successful execution would make it possible for a significant 

amount of new, installed electrical capacity to utilize MHD generators 

by 1990 with consequent lower fuel consumption and environmental 

benefits. 
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Table 1 

MUD-DEVELOPMENT-COST PLAN [23] 
(in millions of 1973 dollars) 

Pilot 1000-MW 
Fiscal R&D plant demonstra- Yearly 
year program facilities tion plant total 

1973 3.0 3.0 
1974 7.0 1.0 8.0 
1975 8.0 18.0 26.0 
1976 8.0 46.0 54.0 
1977 8.0 29.0 1.0 38.0 
1978 8.0 18.0 1.0 27.0 
1979 6.0 20.0 3.0 29.0 
1980 6.0 5.0 34.0 45.0 
1981 6.0 4.0 78.0 88.0 
1982 7.0 2.0 120.0 129.0 
1983 4.0 2.0 80.0 86.0 
1984 4.0 13.0 17.0 
1985 2.0 3.0 5.0 
1986 2.0 3.0 5.0 

Sum 79.0 145.0 336.0 560.0 

Gross cost of program  560.0 
Less sale of power   25.0 
Less residual worth of plant at 

one-half construction cost   125.0 

Net cost of program  410.0 

; 

f. 
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IV.  COMPARISON OF MAJOR MHD INSTALLATIONS 

OPEN-CYCLE 

Nothing is known of the early MHD facilities i.i the USSR.  Available 

reports suggest that the first significant Soviet installation was the 

U-02 [24-26] — a small-scale model of a complete MHD pilot plant, shown 

in Fig. 5a and 5b. This facility was designed and built by the Sheindlin 

fes"  *' 

. 

Fig. 5(a) — U-02, Stage 1 [24] 

1 - air compressor 
2 -   regenerative ai.r  heater 
3 -  gas-feed  system 
4 - seed-injection system   'dry) 
5 -  seed-injection  system   (wet) 
6 -  low-temperature heater 
7 - combustion chamber 
8 - MHD channel 

9 - oxygen-inject ion system 
10 - steam-generator simulation 
11 -- water-coolant svstem 1 
12 - dry filters 
13 - water-coolant svstem II 
14 - vacuum pumps 
15 - wet-scrubbing system 
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Fig. 5(b) — U-02, Stage 2 [24] 

1 - blower 
2 - high-temperature air heater 
3 - combustion chamber 
4 - MHD channel 
5 - steam-generator simulation 

6 - seed-recovery system (wet) 
7 - seed-recovery system (dry) 
8 - experimental electrostatic filter 
9 - heat exchanger 

10 - vacuum pump 

group at the Institute of High Temperatures.  The U-02, with its mass flow 

of 1 kg/sec and electrical output of around 60 kW, enabled the Soviets 

to ojtain a vast amount of materials experience, but because of their 

inability to manipulate individually the experimental parameters of their 

major components, it did not provide the needed exposure to generator 

problems. 

The U-02 is installed in a former tramway power station across the 

Moscow River from the Kremlin.  It uses natural gas, and enriched, pre- 

heated air as the oxi< zer.  The major components in sequence are a pair 

of air heaters fired separately to raise the oxidizer to a temperature 

wmam 
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of 1900° K. Combustors of various configurations and wall conditions 

(hot and cold) have been tested; seed can be injected into them either in 

powder form or as a saturated solution. The MHD-generator duct itself, 

operated subsonically in a magnetic field of 1.7 Tesla, has not yet 

achieved the level of sophisticated generator-channel construction 

long since universally adopted by U.S. experimenters. The duct is followed 

by a simulated steam generator in which boiler tube materials have been 

tested for many thousands of hours. The installation ends with, first, 

wet scrubbing and dry bag-filter systems for the exhaust gases and, 

second, an exhaust fan prior to the stack. Electrical power is supplied 

to the AC line through a solid-state inverter system; thus, in 1966 

the U-02 became the first installation ever to supply any MKD-generated 

power to a commercial AC netvork [3, 24, 27]. 

In the United States, the development of inverters for other applica- 

tions has significantly increased confidence that these can be introduced 

into the MUD system when sufficient progress has been made in more crucial 

components.  For the Soviets, however, the inclusion of an inverter is a 

natural part of their plan to develop a complete model installation, and 

in justifying the success of MHD, they indicated privately that the 

ability to deliver power to the line was of great importance to the 

Ministry of Electrification. 

The decision to proceed with the next stage of commercial, industrial- 

scale development of the pilot plant was made in 1966, with the basic 

requirement that the plant — the U-25 — be big enough to have an over- 

all thermal efficiency at least equal to that which could be obtained with 

a plant of the same size using conventional steam-turbine machinery [1]. 

A total output of 75 MW was selected, with the calculated overall efficiency 

set at 33 percent, which is about the value for a conventional steam plant 

of 75-MW output. A schematic drawing of the overall U-25 facility is 

presented in Fig. 6, followed by cross-sectional views of the MHD and 

steam components in Figs. 7 and 8, respectively. 

The MHD generator itself was estimated in 1966 to be capable of 

delivering an electrical output of 25 MW (about 55 percent turbine efficiency) 

under its most optimistic and advanced design conditions; it is driven by 

a combustor supplied with natural gas and enriched, preheated air (Fig. 9). 

Later, more sophisticated calculations showed that the maximum attainable 

^Htt MHMMi 
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Fig.   9   —   U-25  Mill)   generator   (with   stean  generator   in  background) 
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electrical output is only 15 to 17 MW.    The preheaters are not of the advanced 

type used in the U-02, but are of the Cowper type (based on conventional 

Soviet steel-mill practice), which preheat the oxidizer to 1500° K. 

Figure 10 is a photograph of the plant, with the huge preheaters in the 

foiaground.    A particularly impressive part of the U-25 installation is 

the steam generator (Fig.   11) which immediately  follows  the MHD generator. 

This steam generator is made up of radiative  ~nd convective portions 

having ingenious design features.     The U-25 installation also has both wet 

and dry scrubbers and mercury valve inverters.    The generator channel is 

about  five meters long and involves a massive,   2500-ton electromagnet 

which produces a field of about 2 Tesla.    The designers clearly chose to 

utilize existing technology wherever possible,  and the plant design is not 

in any way venturesome.     In contrast to designs proposed for pilot plants in 

the United States,  the generator itself is also of a very simple design. 

It has been pointed out by a number of MHD people that  the lack of Soviet 

experience with large generators is evident in the design selected 

[28-34]. 

Sensors are used extensively in the U-25 to monitor ongoing pro- 

cesses,  and a two-computer system is used to sort and analyze obtained data 

(see Fig.   12)   [28].     It  is  interesting to note that  the computers used 

in the data processing phase —  the Ural-14 and the Hewlett Packard 

2116  (see Fig.   13)  — are not known to have been used previously by  the 

Soviets in this way.     The Ural-14  is one of  the newer,  second-generation 

Soviet  computers  (first produced in the mid-1960s).     It  is a  fixed-point, 

single-address binary  computer,  capable of operating at  10,000 opns/sec. 

It has a core store of 8 K (augmentable  to 64 K)   24-bit words, with a 

cycle time of 9 microsec.     It  can process seven problems  simultaneously 

and handle up to  24 external  units in a variable configuration;   circuit 

control is used for data storage,   transfer,   and processing  [35]. 

The HP-2116 is  a 16-bit-word,   1.6-usec-cycle-time minicomputer 

with a core memory augmentable to  32 K.     The export  of American mini- 

computers  is not  restricted,  and it appears  that Hewlett  Packard sold one 

or more HP-2116's  directly to the Soviets  via their Geneva office at  a 

cost of roughly $40,000 per unit.     Production of  the HP-2116 model,   first 

built  in 1970 using integrated circuit CTL logic, was  discontinued  last year. 

The primary function of the HP-2116 in the U-25 data processing system 
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appears to be similar to that of a teletype.  In a country where even 

domestic first-generation computers are scarce (by U.S. standards) and 

U.S.-built computers are almost nonexistent, the exclusive use of a 

relatively recent Soviet model together with a U.S. machine is an 

indication of the high priority assigned to the project. 

The Soviets do have faster, larger, and newer computers — 

e.g., the BESM-6 and some of the Ryad line of machines — but they 

are very few in number and the Ural-14—HP-2116 system appears to 

be more than adequate for the needs of the U-25 plant. Typical computer 

problem solving in MHD does not require high-speed processing as much 

as extensive information-storage (computer-memory) capabilities, particularly 

problems requiring the solution of Laplace's equation. The Ural-14, with 

its modest operating speed but relatively large core memory, seems to 

be tailor-made for the application [35].  Figure 14 shows the U-25 

central control room. 

Conservative figures for the Soviet generator design involve 

the use of rather low combust ion-chamber pressure and a low magnetic 

field. This situation is somewhat improved by the use of an exhaust 

fan to drop the pressure through the rest of the system relative to 

that necessary for direct atmospheric discharge. Lack of experience 

with high-performance generators is especially evident in the selection 

of an unreasonably small number of electrode pairs for a segmented 

Faraday generator. The U-25 has only 48 electrode pairs, whereas U.S. 

studies have shown that a generator of that size would require a 

minimum of about 100 to limit the potential between adjacent electrodes 

to a maximum of about 40 v — the estimated reasonable maximum value 

that can be sustained without suffering breakdown due to the axial 

Hall voltage.  Figure 15 is a photograph showing the electrode arrange- 

ment in the actual channel.  It is tempting to speculate that the number 

48 was derived more from inverter practice than from MHD-generator- 

breakdown theory. 

Knowledge of breakdown phenomena was generated in a number of U.S. 

laboratories in the early sixties and was a familiar topic of discussion 

in MHD-generator circles. This phenomenon was also observed in MHD 

accelerators. Although voltage drops as high as forty volts per seg- 

mentation were recorded by a number of U.S. investigators, thirty volts 

may be considered a more reasonable limit. The U.S. work on breakdown, 

in general, was never published because the breakdown phenomena is random 
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and difficult to study systematically. Thus, it is possible that the 

Soviets overlooked what was and still is common knowledge in the U.S. 

Despite private Soviet denials, early U.S. visitors to the U-25 

became convinced that the Soviets initially grounded both ends of the 

generator to short-circuit the Hall effect; this practice considerably 

limited the performance available under full design operating conditions. 

Although the Soviets later said that the grounding was deliberate, it 

was probably due to a lack of understanding and experience with high- 

performance generators.  The problem arose from the fact that, according 

to theory, when the temperature of the plasma falls below 2300° K, 

the flow is nonconducting; but the mistake was to fail to estimate the 

breakdown potential of such a gas, which is quite low.' During the initial 

visit to the U-25, it became obvious to the Soviet technicians that 

the Americans believed the generator to be shorted out.  It was not 

stated at that time that this shorting had been done on purpose. As 

a matter of fact, shorting between the combustor and the boiler tubes 

is dangerous, because of the possibility of arc damage in both places. 

It was not until some four months later, at the Engineering Aspects of 

Magnetohydrodynamics meeting, when a side reference was made to the 

effect that the generator had been purposely shorted out.  In an attempt 
I 

to achieve the nominal output of about 25 MW within the field and combustor 
t 

limitations imposed by the design, the Soviets introduced the concept 

of variable loading, and this is clearly brought out in their major published 

calculations of U-25 performance [28]. 

The Soviets privately outlined an ambitious three- to four-year 

program to develop the installation from the present large, simple, 

cold-wall generator arrangement to a progressively more advanced channel 

and combustors until maximum power can be obtained for several hundred 

hours. Little is known of the as yet uninstalled advanced channels in 

the U-25; hence, it is not possible to estimate how realistic the attainment 

of 25 MW in three to four years may be.  It is to be expected in in- 

stallations of this type that progress toward full power is made step by 

step.  After about 18 months of U-25 operation, typical MHD operation is for 

an hour, with a peak ^ower of 5 MW and sustained operation at a rather 

lower level. As mentioned earlier, calculations made in the U.S. have 
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shown that it will be exceedingly difficult to achieve 25 MW with the 

U-25 pilot and that 15 to 17 MW is a more likely ultimate value. With 

the present cold-wall channel operated under full flow conditions and 

with the other previously described limitations, a maximum of only 

8 to 10 MW can be expected (according to both U.S. and Soviet calculations). 

The output of 5 MW attained by the U-25 can be considered to be about 

50 percent of the design value.  And, since this power was achieved with 

a reduced mass flow (40 kg/sec instead of the design value of 50 kg/sec) 

and reduced combustor temperature (about 100° C lower than planned), 

the Soviet results closely correlate with the expected results derived 

from generator theory and indicate where improvements have to be maae 

to achieve the anticipated performar.ee. 

At its present stage of development, the U-25 is limited more by 

the underperformance of the system than bv the conservative design 

of the generator itself.  Basic generator performance falls off rather 

sharply when the generator is operated off design conditions; the cited 

reduction of mass flow and temperature are probably the most important 

factors limiting performance at the present time.  The limit of 10 MW 

is imposed basically by the channel design.  The substitution of U.S.- 

type finely-segmented channel walls for those currently used would facilitate 

changing the loading so as to probably raise this power to 15 MW.  The 

protruding electrodes of the U-25 increase friction but probably also 

increase output by about 1 MW (with the cold-wall design) over that 

attainable in a flush-mounted electrode arrangement.  Overall, it appears 

that the U-25 is progressing slowly, bu!" nevertheless progressing, towards 

its design objective of 1000 hours of operation in the 20-MW region. 

The availability of such large facilities as the U-02 and the 

U-25 has also enabled the Soviets to conduct an extensive materials- 

testing program under actual MUD conditions, although they are limited 

by the low magnetic field employed and a corresponding low axial voltage. 

It is important to emphasize that, especially in the MUD generator duct, 

it is the electrical conditions which dominate in the deleterious effect 

on materials and that only in an MHD environment can materials 

be evaluated realistically.  'Hie ability of the U-25 to achieve this is 

clear, in that the mass flow, axial field strength, and electrode current 

densities are appropriate to baseload conditions.  On the other hand, 
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the U-02 is perhaps a factor of five too small to ensure that electrical 

conditions, particularly arc breakdown,  can be properly established. 

Thus,  the very extensive materials testing undertaken by the Soviets 

must be subjected to a further round of evaluation under realistic 

baseload conditions. 

An approach more akin to that of U.S.  investigators  is  to be  found 

at the Krzhizhanovskiy Power Institute, where the MHD group has set up 

the ENIN-2 natural-gas-fired test  facility.    Pure oxygen is used as the 

oxidizer,  and the total mass  flow is about  15 kg per second.    The typical 

run-time is a  few minutes,  the limitation being set by  the magnet, which 

is not water-cooled for continuous operation — a feature that is now 

being changed  [36,  37].     The channel  in this  facility uses more advanced 

MHD generator approaches  than those used in the U-02;  however,  U.S. 

specialists judged the materials employed as not  the best  for MHD conditions. 

For example,  the ENIN-2 group used cold electrodes made mainly  of brass, 

although another section of their Institute demonstrated the poor performance 

of brass in basic electrode studies.    The various groups employing the 

cold-electrode approach  found copper to be much superior to brass,  and 

copper was used in both the U-02 and the U-25.    The ENIN-2 performance 

has been rather poor:    Power levels of around 1 MW are  the best  that 

have been achieved.     In a facility of this size,  using pure oxygen,  a 

power output of around 10 MW should be attained.    The most  likely explana- 

tion for this situation is that the generator,  although operated super- 

sonically at Mach 2 or 3,  is choking due to an insufficient divergence 

angle.     This must be taken as  conjecture,  as no U.S.   calculations have 

yet been done on the ENIN-2 and the Soviets have not  indicated en- 

countering this  problem.     Figures  16 and 17 are schematic views of this 

facility.     Figure 18 is a schematic of a superconducting magnet which, 

according to private Soviet sources,  is  under development  for the ENIN-2. 

Little is known about the  fourth open-cycle  installation in the USSR, 

which is  located  in Kiev and operated by the  Institute of Electrodynamics 

of the Academy of Sciences,   Ukrainian SSR.    The Kiev facility utilizes 

an old power plant that  can be operated either with the MHD exhausting 

directly to the atmosphere or through a botto-ning steam plant.     Figures 

19 and 20 show the layout of the plant.     Like  the U-02,   the Kiev facility 
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is a small power plant, fired by natural gas [38]. The mass flow is 

double the 2 kg per second of the U-02 [26], and again, the number of 

electrode pairs — six [3] — is grossly insufficient. Soviet sources 

have reported no experimental results, but have said that the Kiev 

plant is intended to deliver 8.35 MW(t) at 2850° K and Mach 0.7 [38]. 

A rough estimate of the axial field strength, based on a total Hall 

voltage under operating conditions of 1000 v, indicates that there 

should optimally be about 50 electrode pairs — about the same number 

as is employed in the University of Tennessee generator, and again 

it may be that this group had only a limited number of electrical 

converters at its disposal. 

Another open-cycle installation that has been mentioned by Soviet 

workers but not discussed in detail in the literature is the U-020. 

It is possible that the U-020 represented an effort to develop super- 

sonic generators operating at higher pressures than in the U-02 and 

U-25 installations.  If the U-020 is comparable to any U.S. installation, 

it would probably be to the early facilities operated by the University 

of Tennessee group, both at the Arnold Engineering Development Center 

and at the University, in that the mass flow was supposed to have been 

around 1 kg/sec and substantially supersonic conditions were achieved. 

Some Soviets have said privately that the U-020 failed destructively; 

in any event, news of it has not appeared for several years. At the 

Institute of High Temperatures, a prototype superconducting magnet 

was used with an explosively driven flow to demonstrate the compatibility 

of MHD power generation with superconductor technology (Fig. 21).  Some 

information on the magnet is available in the literature, but it does 

not reveal anything new [39, 40], 

Several U.S. organizations have worked on open-cycle MHD generators 

and, with one exception, have published essentially all their results 

in open literature. The Avco Corporation at its subsidiary, the Avco- 

Everett Research Laboratory, has been responsible for more than half of 

the U.S. MHD expenditure and by far the largest and most sustained U.S. 
ü 

effort. The only other industrial organization that has maintained a 

continued interest in open-cycle MHD is the Westinghouse Research 

Laboratory. Its only test facility has not been operated since 1963, 

but it is being rebuilt at the present time and is expected to go into 

operation shortly. In the early 1960s, the General Electric Company 
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Fig. 21 — Prototype of explosive MHD generator [39] 

operated a simulation of a combustion-driven test facility, but this 

facility was closed and dismantled when GE decided in 1963 to end work 

on MHD. Reynolds Metals is known to have conducted a fairly lengthy 

MHD program but has always maintained company secrecy with regard to 

the nature of the installation and results obtained.  It is not known 

if this is still in operation. 

The' remaining facilities are at universities and government 

laboratories. Of the university facilities, those at the University 

of Tennessee's Space Institute in Tullahoma [41] have the longest 

record of continuous operation and have yielded the most detailed 

study of MHD generator performance made anywhere in the world.  At 

Stanford University, an open-cycle facility has been used to study 

basic plasma physics, electrode phenomena, and fluid mechanical effects, 

but not to study the performance of MHD generators themselves [42]. 

The Arnold Engineering Development Center (AEDC), also in Tullahoma, 

Tennessee, built and operated a number of facilities of which the LORHO, 

designed and constructed by Avco, is the best known. The Aero Propulsion 

Laboratory at Wright-Patterson Air Force Base, Ohio, has an in-house 

facility for testing small, high-performance generators. 

At Atfco, a team of MHD researchers under the leadership of Arthur 

Kantrowitz made major contributions to the understanding of generator 

operation. The Avco Mark I, an arc-heated, argon-seeded flow was designed 

only to demonstrate the scientific feasibility of MHD. With the Mark II, 

MM 
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:> 2-MW electrical facility that operated for about ten seconds, a great 

de  of fluid mechanical data was obtained for the Avco-AEP Electric 

\]t      :y  Program described in the previous section. The Mark IV [43] 

was a long-duration facility utilized for materials testing. The Mark V 

was a large multimegawatt-output machine intended to demonstrate the 

capability of rapid startup with MHD generators; it was never used 

for generator development. 

Little information is available on the Mark V, or on the LORHO 

at AEDC probably because of their poor performance. Both can be 

considered "mature" generators, but their construction and operation 

performance were the results of overly ambitious projects for which the 

proper technical groundwork had not been laid. They have the value 

of showing that it is possible to extract large amounts of power from 

a large machine, but because of the way they were operated and because 

of the lack of publications concerning them, they did very little to 

advance the state of MHD generator art. 

The thermal input power of the Mark V and LORHO was in the 400- 

to 500-MW range, and respective output powers of 32 and 18 MW were 

obtained for a few seconds. The power producing runs, including 

startup, for both installations were of a total duration of about 

90 seconds, with the operating conditions being adjusted to establish 

a steady flow over the initial 10 to 30 seconds.  It should be emphasized 

that these machines were designed to meet specific output conditions; 

they were not designed for maximum enthalpy extraction.  The Mark V, 

a continous-electrode Faraday generator, was operated at a relatively 

high magnetic field.  It suffered from being a self-excited generator 

and, thus, difficult to operate.  Such a complex system was very 

optimistic at that stage of MHD development.  Fortunately, the advent 

of superconducting magnets makes any repetition of this design un- 

necessary. The LORHO, a Hall generator, was operated at a relatively 

low magnetic field. The published results indicate that the LORHO 

was unable to maintain its rated power output, presumably because the 

Hall channel had been selected for the two-terminal output required by 

tht: LORHO specification. The Hall generator was known theoretically 

to be a poor choice for power extraction in the combustion-driven 

MHD regime and proved to be even worse than predicted by theory. 

Extensive attempts were made to get the LORHO to perform; its eventual 
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peak performance was 18 MW, followed by an immediate falloff. This 

was achieved under combustion conditions far different from those used 

in the original design calculations. 

In terms of gross electrical-output power, the measured perform- 

ances of the Mark V and the LORHO exceeded that which the Soviet U-25 

is likely to achieve, but the operating conditions of the Hark V and 

LORHO differed considerably from those characteristic of the U-25 

baseload operating conditions.  Unpublished U.S. calculations suggest 

that the U-25 is more nearly a "U-15" — that is, an installation limited 

to a 15-MW (rather than 25-MW) maximum output — because of its 

performance-diminishing combination of a low combustor pressure (less 

than 3 atmospheres), low magnetic field (2 Tesla), and relatively low 

oxidizer preheat.  These conditions make it exceedingly unlikely that 

the U-25 installation, at least in its present form, can equal the 

performance of U.S. generators built ten years ago under admittedly 

rather different operating requirements. The U-25, however, has the 

capability of sustained long-duration operation. 

The Mark V and LORHO were followed, however, by a series of careful 

experiments on MHD generators in which problems associated with the 

large machines were systematically solved, resulting in increased 

understanding.  It is on this basis that the current U.S. central 

power effort is going forward — i.e., with the groundwork properly 

laid for future development. [8] The Soviet program is something 

like the Mark V and the LORHO programs in that insufficient work was 

done on the generator before the facility was constructed.  However, 

the Soviet effort is different in one respect.  It is going forward, 

the generator is being run carefully; data are being generated: and 

the next generation of generator channels is already planned for 

installation.  In the two cited U.S. military generators, the Air Force 

altered its views on objectives and switched to another development 

area instead of trying to correct the difficulties. 

The Avco Mark VI, completed in 1972, was the first long duration 

MHD facility large enough to si.nulate all the conditions, especially 

arc breakdown, found in large generators.  The Avco Mark VII is essen- 

tially a rebuild of the old Mark II facility, with a water-cooled 

magnet. The Mark VIII is a large shock-tube facility intended to 

simulate large combustion-driven generators using the disc as opposed 

to linear geometry. 
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At the present time, the available operating facilities in the 

United States are the Avco Mark VI, VII, and VIII, the University of 

Tennessee Space Institute facility now upgraded for long-duration 

operation and capable of being fired with coal, the Stanford University 

facility, and the high performance test facility at the Wright-Patterson 

Air Force Base. Westinghouse, as already nentioned, is constructing a 

new facility, and the LORHO was reactivated recently for generator 

testing. Hercules is also constructing a high performance generator 

test facility for special applications. 

The six U.S. facilities currently available, together with the 

two under construction and the reactivated LORHO, provide great 

flexibility for the study of MHD generators under various conditions 

appropriate to both baseload and special applications.  Only one Soviet 

installation, the ENIN-2, has the flexibility associated with all of 

the cited U.S. installations which enable MHD generators to be developed 

on an engineering basis.  Of particular importance is the long duration 

capability of the Avco Mark VI and the University of Tennessee installa- 

tions, both of which have the capability of testing MHD materials under 

conditions which represent a real MHD environment. 

CLOSED-CYCLE PLASMA 

Closed-cycle plasma MHD in the United States had at one time in- 

volved experimental facilities at MIT, Stanford, the Univarsity of 

Maryland, the University of Florida, the Avco-Everett Research Lab- 

oratory, and the NASA Lewis Laboratory, but only the Space Sciences 

Laboratory of the General Electric Company still has ongoing facilities. 

The General Electric facility is of the linear shock-tube type and 

thus operates foi less than a millisecond, using mixtures of seeded and 

unseeded noble gases [44, 45],  Now in the process of being converted 
* 

to a blowdown arrangement, it has been used extensively and productively 

to study the performance of closed-cycle generators operating in the 

nonequilibrium mode.  The GE facility is the only closed-cycle MHD 

generator facility that has exceeded the highest enthalpy extraction 

A blowdown facility involves charging a heater either thermally 
or electrically and then driving a gas through the heated bed until 
the temperature has fallen to a minimum accepted value.  Blowdown 
facilities extend operation from lass than a millisecond in shock 
tubes to around a few seconds and are particularly well suited for 
inert gases which do not clog or damage the heater bed or elements. 
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obtained in the largest open-cycle MHD generators. Power levels of 

up to 1.2 MW at enthalpy extractions of up to 13 percent and thermal 

power of 10 MW have been achieved at temperatures as low as 3100° F. 

The NASA Lewis facility (work on which was recently discontinued) 

was basically of the closed-loop type and the gas (cesium-seeded 

argon) was electrically heated with a thermal power of 1.5 MW. 

The major Soviet effort in closed-cycle plasma MHD has been 

conducted by a group under the direction of E. P. Velikhov at the 

Kurchatov Institute of Atomic Energy, primarily at experimental 

facilities in Krasnaya Pakhra, some forty kilometers outside Moscow. 

The facilities include: a large linear shock tube, similar to one at 

General Electric; a blowdown facilitj, the Kurch-I, with a 150-ysec 

test time and a thermal power of 100 kW [46]; a Faraday-type closed- 

loop Ar-Cs facility, the Kurch-II with heated walls [47]; and a rig for 

testing the properties of cesium above the. critical point [3]. 

According to the open literature, these installations appear to 

be directed toward basic investigations in generator phenomena, but 

they have been the subject of considerable speculation in the United 

States. Collectively, they represent an effort about equivalent to 

the several U.S. groups mentioned earlier and appear to have gone 

through the same sequence of program development.  In the early 

stages, there was concentration on the phenomena associated with non- 

equilibrium ionization, which is commonly utilized in closed-cycle 

systems. Velikhov, as a pioneer in the instability field, conducted 

a number of elegant experiments [46, 48-50] to demonstrate the associated 

plasma instabilities and to study their effects from the plasma-MHD 

viewpoint. Parallel with this quite basic work, system evaluations 

were made for closed-cycle MHD, and the status of reactor technology 

was reviewed [51, 52]. 

The original motivation for designing two of the Soviet facilities 

mentioned earlier — the blowdown facility, which is being used to 

study ionization instabilities, and the supercritical cesium rig for 

determining cesium's thermal and electrical properties at very high 

pressures and temperatures — was undoubtedly to search for energy- 

conversion systems compatible with ultra-high-temperature fission 

reactors. As it became apparent that the required reactor was not 

immediately available (nor was it likely to be developed without 
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massive costs) and that such a nuclear-MHD system offered an uncertain 

potential relative to the liquid-metal fast breeder reactor, work at 

the Kurchatov Institute was apparently redirected toward basic studies 

of possible conversion systems for fusion reactors. Or, based on 

Velikhov's known interests, fusion energy conversion systems could have 

been the goal of the Kurchatov effort from its inception. The Soviet 

closed-cycle work, however, is not known to have reached the power- 

production stage achieved in the United States at GE. We deduce, 

from their open literature, that the extensive Soviet preoccupation 

with plasma instabilities led them to believe that the closed-cycle 

generator would never operate efficiently, and that therefore the 

effort was deemphasized. 

Some closed-cycle work has also been reported by the Institute of 

High Temperatures, and visitors have described an arc-heated argon- 

potassium facility located in the basement below the U-02. The 

installation has been referred to as the Start facility [53-56] and 

has served as a preliminary test bed for materials for the U-02 

[57, 58], in addition to its usual function as an experimental facility 

for closed-cycle studies. A small electric-discharge shock tube has 

also been reported [59] with an initial pressure range of 0.5 mm Hg 

and a Mach-number range of 6 to 13.  The properties of mercury vapor 

[3], UF6 [60], inert gases [5, 61], and other substances as MHD working 

fluids have been studied in the USSR, but have not yet led to any 

significant developments. 

Other, secondary, facilities are scattered around a number of 

other institutions, including a small subsonically-operated non- 

equilibrium MHD generator consistin3 of a 140 mm quartz tube with a 

7-mm internal diameter and three pairs of tantalum electrodes which 

has been reported at the Institute of Radiophysics and Electronics in 

Kiev [62]. They, however, appear to have very little impact on the 

Soviet program as a whole. 

Closed-cycle plasma MHD, unlike open-cycle, currently appears to 

be at a very low level in the United States and USSP (the GE program, 

for example, employs only five senior professionals plus supporting 

staff in four closed-cycle MHD programs) and appears to face a rather 

uncertain future in both countries.  The concept of closed-cycle MHD 
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driven by a nuclear heat source is limited in both countries by the 

nonavailability of a suitable reactor, and there is no evidence in 

the public realm to indicate that MHD reactor development is being 

stressed in the Soviet Union. The most sophisticated experimental work 

in this field has been undertaken in Italy at the Frascati Research 

Center [63] and, in terms of experimental generator development, 

both U.S. and USSR work appear to have taken second place to the 

Italian effort (although GE would dispute this view). The United 

States (GE), however, has achieved the highest reported enthalpy 

extraction. The Soviets contributed the first basic studies of the 

ionization instabilities peculiar to nonequilibrium ionization [48] 

and computer-simulated [49] investigations.  In terms of understanding 

the performance of nonequilibrium generators, the work at General 

Electric is especially sophisticated [44, 45] and does not appear to 

have any counterpart in the USSR — although the Soviets may have 

intended to use the shock tube at the Kurchatov Institute for this 

purpose. Soviet researchers, however, claim that the shock tube was 

designed for extremely high pressure application, and not for conventional 

closed-cycle MHD. Experts in both countries tend to agree that, except 

for basic studies, this area of MHD is not particularly profitable to 

pursue at the present time.  In the U.S., however, the GE group has 

made a case for using nonequilibrium closed-cycle systems with fossil- 

fired heat sources [91 which is attracting increased attention. They 

firmly believe that the latter approach has as bright a future for 

central-station application as open-cycle MHD.  Soviet reactions 

to this proposal have not been forthcoming, but it is known that Soviet 

researchers did visit a French installation at Lyons which at one time 

was investigating fossil-fired closed-cycle MHD. 

CLOSED-CYCLE LIQUID-METAL 

Experimental work on liquid-metal MHD began in the 1920s and thus 

predates that on the plasma systems.  However, this work was concerned 

either with basic magnetic-fluid mechanics or devices where the conversion 

was from the mechanical energy of a fluid to electrical corm (MHD flow 

meter), or vice versa (MHD pumps).  Early liquid-metal-MHD-power- 

generation schemes involve two separate stages, the first being the 

conversion of heat energy to mechanical form and the second, the con- 

version of mechanical energy to electrical.  In this context, the 
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liquid-metal MHD generator is an "electromagnetic water wheel," and the 

thermodynamics aspects of the overall conversion cycle are elsewhere. 
1 

Most early liquid-metal MHD schemes involved the acceleration of a liquid 

jet or liquid droplets by the vapor of the liquid chosen and, after 

separation, passing the liquid through an MHD generator (the condensing 

injector and nozzle separator cycles). From the MHD viewpoint,  le 

liquid metal gave the feasibility of generating AC current directly 

(due to the high magnetic Reynolds number attainable), though the 

electrical efficiency was at least no better than in a plasma generator. 

However, this type of liquid acceleration is thermodynamically irreversible, 

and the overall thermal efficiency is accordingly low, typically from 

3 to 7 percent, depending on the system. Thus, liquid metal MHD 

gained a reputation for low thermal efficiency and was assumed to 

be limited to special applications, such as space power, where such 

low efficiencies could be tolerated for overall system reasons. 

The concept of a compressible two-phase flow expanding through an 

MHD generator enabled liquid-metal systems to perform in the manner of 

conventional heat engines, and as a result, overall thermal efficiencies 

rose drastically (up to 50 percent).  First proposed in 1958 by P. Aigrain 

in some unpublished lectures at MIT, the two-phase scheme relied 

on the liquid metal to provide electrical conductivity, and used a 

gas, such as argon, to provide the thermodynamic working substance. 

Active U.S. work in this field dates from about 1963, when Petrick at 

the Argonne National Laboratory (ANL) realized that this was the most 

profitable way to pursue liquid-metal MHD [64].  It is clear that his 

work greatly influenced the increased Soviet interest observed since 

1968 [65].  The two-stage aspect of early liquid-metal MHD schemes 

showed that preliminary experiments could be conducted on a simulation 

basis, using steam and water or a sodium-potassium alloy and nitrogen, 

and several small facilities using these fluids were constructed and 

operated. 

Emphasis in the Soviet programs at the outset appeared to be 

"entered on the condensing injector and separator cycles [66, 67]. 

An early paper on two-phase-flow conductivity, however, suggests that 

there was also interest in the two-ohase-flow-generator concept [68]. 

The Soviet programs progressed rapidly from basic studies and component 

development on simulated systems to complete power loops. 
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There have been notable accomplishments in the Soviet effort. 

Extensive studies were made of various cycles and component development. 

Originally, the one-component condensing cycles were emphasized [69]; 

subsequently, the potentially more efficient cycles such as the two 

component and multistage cycles were investigated [70, 71], and, most 

recently, the two-phase-flow-generator cycle w?• studied [72, 73], 

Extensive analytical and experimental studies were made on a variety 

of generator types, including the AC induction generator [74-78], the 

DC conduction generator [79-81], the jet generator [82], and the slug- 

flow generator [83].  Generators have been tasted at temperatures up to 

1600° F. A variety of analytical [84] and experimental studies on 

nozzle performance (a key component) have been carried out under 

simulated conditions [85, 86], and with liquid-metal flows [85]; 

similar studies have been reported on the condensing injector [87]. 

With the operation of complete power systems, the USSR demonstrated 

the self-circulation feature of liquid-metal MiD systems under actual 

operating conditions, as well as system operation and dynamic response 

characteristics.  In addition, the Soviets have tested various types of 

conduction and induction liquid-metal MHD generators at high temperature 

(1600° F). The Krzhizhanovskiy Power Institute has a 40 percent-efficient 

Faraday generator with conducting walls, operating at 1600° F with 

potassium; reported initial overall system efficiencies reached on the 

high-temperature small-scale power systems range from 1 to 1-1/2 percent 

[88].  It is believed that higher performance levels — perhaps 3 to 5 

percent — have been achieved on the basis of recent advances in condensing 

injectors [89].  But the generally low performance seems to have caused 

some indecision with regard to proceeding with the building of the planned 

next generation of large multimegawatt condensing injector systems. 

This indecision appears to coincide with increasing Soviet interest, 

since 1966, in the two-phase generator cycle approach being studied at 

the Argonne National Laboratory. 

Work on the two-phase generator cycle is known to be under way at 

the Krzhizhanovskiy Power Institute and at the High Temperature Institute 

[73]. A substantial activity at the latter institution was acknowledged 

at the time of the Twelfth U.S. Symposium on the Engineering Aspects of 

MHD by attending Soviet scientists, who stated that the USSR is 

currently expanding its liquid-metal MHD program to include two-phase 

generator studies.  They indicated that they were particularly interested 
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in these systems because of their hi, . projected thermal efficiencies. 

Their analysis of the two-phase liquid-metal MHD power cycle corroborates 

some of the findings of the analytical studies carried out over the past 

two and one-half years at ANL. They referred also to an experimental 

program on two-phase liquid-metal MHD generators and said that they 

hoped to present some results at future symposiums. 

The Soviet program on liquid-metal MHD appears to be larger than 

the present abbreviated U.S. effort in regard to the number of institu- 

tions involved, funding, and manpower levels. None of the U.S. programs 

has progressed to the point of building complete small-scale power 

systems. U.S. efforts have tended to be concentrated on more basic 

studies of the various system components of H20, freon, and NaK-Nj 

systems that simulate high-temperature operation. 

There is, in fact, only one small liquid-metal program in progress 

in the United States at present: The Argonne National Laboratory is 

operating a large NaK-N2 facility for the experimental investigation 

of both single- and two-phase AC- and DC-induction generators. The 

most advanced and longest duration program, including a 5-MW system 

under construction, was conducted at the Jet Propulsion Laboratory, 

but it was terminated this year.  The objective of the JPL program 

was to develop a power system based on the separator-cycle concept. 

The only other U.S. programs on liquid-metal MHD of any consequence 

were the MIT effort and the potassium facility at Atomics International 

— both terminated in the late 1960s — to develop the condensing injector 

cycle. 

The hydraulic components of liquid-metal MHD systems were tested 

extensively in the United States with water as the liquid and nitrogen 

or steam as the gas. The experiments showed that nozzles, separators, 

i condensers, and diffusers could be operated successfully and that they 
I 

had efficiencies generally in accord with theoretical predictions — 

e.g., two-phase nozzles ach eved 70 to 80 percent efficiency.  Direct- 

current generators were tested with efficiencies up to 76 percent. 
I 

A self-excited induction generator was operated and end-loss compensation 

demonstrated with an efficiency of 35 percent.  References 90-97 

I provide detailed descriptions of U.S.-program results. 

Three complete, similar small-scale liquid-metal MHD power systems 

based on the condensing injector cycle have been built and tested in the 
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Soviet Union to date, according to information disclosed in discussions 

with Soviet scientists during the past eight years. The existence of 

the first facility became known at the Warsaw MKD Conference in 1968, 

when Shelkov described a high-temperature liquid-metal loop that had 

been in operation at the Kurchatov Institute of Atomic Energy for "the 

past few years." The loop is schematically illustrated in Fig. 22 and 

can be considered a small-scale initial prototype of a space power 

system in that it has a specific heat input and electrical power output. 

It is a closed loop with an auxiliary pump used only for startup. 

The loop was described as constructed of stainless steel and capable 

of "continuous operation." The overall efficiency of the system is 

reported to be 2.5 to 1.6 percent, and the recirculating potassium 

flow is 2 kg/sec.  It was indicated that efforts were being made to 

improve component performance and achieve an efficiency of 4 to 5 percent, 

an increase that could make the system acceptable for space-power appli- 

cation. 

This was the first complete liquid-metal MHD system in operation 

at high temperature. A great deal of preliminary research and develop- 

ment appears to have been carried out before building the hot loop; 

this suggests that work on liquid-metal MHD had probably been in 

progress since about t'  early 1960s. The Soviets acknowledged that 

they had succeeded in "testing a number of different MHD generators." 

The Kurchatov Institute built a large mercury-cesium loop, the 

M-30, at Akademgorodok, but it is reportedly no longer in operation. 

This loop (Tig. 23) actually operated its MHD generator using cesium- 

mercury vapor and, accordingly, did not really qualify as a liquid- 

metal system. The facility was designed to operate at temperatures 

up to 1200° C.  In operation, a 35-atomic-percent cesium-mercury amalgam 

was boiled at 900° C. The vapor was then superheated to approximately 

1200° C and passed through an MHD generator with a magnetic field of 

4 Tesla.  The vapor, in passing through the MHD generator, reached 

Mach 1.8. The liquid-metal-vapor velocity within the generator was 

approximately 360 ft/sec and the thermal power input about 30 kW. 

The overall cycle efficiency for the facility was calculated to be 6 to 

8 percent; the actual measured efficiency was not revealed.  The 

generator channel, a variable area design, was ceramic and had segmented 

electrodes [98]. 
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Fig. 23 — M-30 facility [98] 

1 - Cs-Hg (amalgam) vaporizer 
2 - superheater 
3 - MHD generator 
A - magnet 
5 - condenser 

6 - settling tank 
7 - damper 
8 - Cs-Hg reservoir 
9 - cesium vaporizer 
10 - mercury diffuser and 

other apparatus 
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The Krzhizhanovskiy Power Institute is operating a high-temperature 

potassium power loop which was built and put into operation in 1968. 

This facility has operated for about 1000 hours, 300 of which were at 

temperatures of 900° C.  It was used to test the condensing injector 

with potassium at temperatures that would be used in an actual power 

cycle. The Soviets were successful in obtaining self-circulating 

operation with a condensing injector; in fact, they also tested a 

DC-MHD generator under these conditions. The net performance of the 

DC-MHD generator system was approximately 1-1/2 percent overall efficiency. 

"Hie Soviets stressed to visitors that they were not interested in using 

this facility to demonstrate efficiency. The reported net power output 

from the potassium test facility was 1 to 2 kW. The basic objectives of 

the facility seemed to be a study of the dynamic response characteristics 

of the condensing injector MHD power system. Visitors who have seen the 

potassium facility were not impressed, and it has been disclosed that 

there have, in fact, been a number of operational difficulties, including 

leaks. The facility was described in [88]. 

Possibly the most advanced of the potassium condensing-injector 

power systems, according to Soviet sources, was put into operation 

several years ago at the Institute of High Temperatures. This system 

is reported to have a thermal-power input of 300 kW. The Soviets expect 

to achieve an overall efficiency of 2.5 to 4 percent with an advanced 

condensing injector as described previously.  They have tested conduction 

and induction generators at temperatures to 1600° F and have indicated 

that they expected to achieve an overall generator efficiency approaching 

60 percent.  (This is a factor of about two higher than what has been 

achieved in the U.S. on cold systems.)  Information on this facility 

ts not available in the literature. 

A group of Americans visiting the Krzhizhanovskiy Power Institute 

recently learned that a new facility of particular interest was built, 

namely, a 1-MW two-phase liquid-metal MHD system (see Fig. 24).  The 

Soviets are considering running it at a maximum temperature of 300° 

to 350" C and a maximum pressure of 50 to 60 atm. with the working- 

fluid combinations being either H2O or C02 with tin (or gallium or 

indium).  If this is done, the implication is that a light water 

reactor would be the planned heat source.  The decision on which 

loop to construct was not made known.  The gas (vapor) flow rate will 
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Fig. 24 — One version of the 1-MW liquid-metal MHD system under 
consideration at the Krzhizhanovskiy Power Institute 
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be 2.1 kg/sec, with the liquid flow rate ranging from 21 to 210 kg/sec. 

The nominal design point appears to be a total flow rate of 50 kg/sec. 

The design power output will be 100 kW(e) (corresponding to an overall 

efficiency of 10 percent), the anticipated minimum output would be 

50 kW(e).  It was indicated that the two-phase MHD generator has been 

designed and is being built and that a small mockup of the power 

system has been operating for some time. 

Sheindlin has taken the position that liquid-metal MHD must 

be still further evaluated before its true potential can be determined 

and has proposed that further research on injector-type systems 

(largely completed in 1968-1969) be divided into the following stages: 

1. Continuation of theoretical and experimental work 

on the construction of effective injection mech- 

anisms with the goal of, at least, gaining a 

theoretically well-founded estimate of their 

efficiencies. 

2. Construction of a large-scale experimental iiquid- 

metal MHD facility for the verification of simulation 

studies • 

3. Further studies on improving AC liquid-metal MHD 

generators. 

4. Evaluation of feasibility and potential applications. 
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V.  COMPARISON OF NATIONAL PROGRAM OBJECTIVES 

High thermal efficiency in primarily baseload central-station 

power plants has continued to be the major goal in the commercial 

area, although emergency- and peaking-type installations have begun 

to receive increased attention. As the temperatures required for 

plasma MHD are not yet obtainable with nuclear reactors [99], interest 

in commercial plasma MHD has centered on fossil fuels.  It is the highly 

efficient use of these fossil fuels provided by MHD generators that has 

become the justification for the development of MHD from the national 

energy resource viewpoint. There is a possibility that certain reactors 

(LMFBR and HTGR) currently under development could eventually be coupled 

to certain types of MHD generators (particularly liquid-metal systems). 

The position of MHD differs in the major energy-producing countries. 

The European Economic Community countries, at least until recently, 

have been drifting away from coal for electric power generation, 

although resources are plentiful, if expensive, in Great Britain and 

Germany. The EEC countries have operated with fuel imports for many 

years and have long since adjusted their trading balance to make thi- 

a viable arrangement on the international money market. To the extent 

that any policy can be identified, the Western European nations have 

turned increasingly to oil for central-station power generation until 

nuclear reactors are available.  Nuclear stations are expected to pro- 

vide the baseload, while older, oil-fired plants cover ehe intermediate- 

range needs and gas turbines are utilized for peaking purposes. The EEC 

countries thus have an energy strategy which makes it difficult to 

justify MHD development, at least so long as MHD is linked to coal.  The 

only scenario in which MHD might play a role using coal as the primary 

fuel is if a shortage of enriched uranium or oil developed or the balance 

of payments could no longer support the enormous cost of Middle Eastern 

oil. The availability of domestic coal, even at a high price, would 

then be a stimulant to MHD development because of the potential for 

high conversion efficiencies and low environmental pollution. 

The possible scarcity of uranium appears to have been more 

appreciated by Soviet planners than by their Western counterparts, 

* 
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who have assumed that the fast breed«.'. reactor can be developed by the 

mid-1980s.  On this timetable, thi breeder could go into service on 

an increasing scale during the 1990s and, by the year 2000, handle a 

significant part of the total electrical energy demands of advanced 

countries.  In addition, it could begin to supply process heat and 

electrical energy for synthetic fuel production, and so enable 

countries using this type of reactor to be increasingly less dependent 

on hydrocarbon fuels. The danger in this nuclear strategy is that 

the fast reactors may be delayed for technical reasons and that an 

increasing amount of uranium will then be required for light-water 

reactors. The difficulty will arise when cheap uranium is no longer 

available and it is necessary to turn to the much more expensive uranium 

in shale and rock. 

Soviet energy planners have clearly relied less on light-water 

reactors than their Western counterparts and appear to be headed 

straight toward a fast-breeder-reactor nuclear economy.  Indeed, the 

first demonstration plant of this type recently went into operation. 

These planners seem to contemplate the use of the vast reserves of 

natural gas and coal possessed by the Soviet Union for electrical power 

generation for many decades to come. There is a strong incentive, 

on the resource conservation basis alone, to develop more efficient 

plants than are possible with conventional technology. MHD has thus 

come to have a prominent place in the development of new energy con- 

version technology in the Soviet Union, and it enjoys high-level and 

continuing support. Deputy Premier Kirillin, who is also Chairman of 

the Committee for Science and Technology, has been personally identified 

with MHD development from the outset and has apparently attempted also 

to use MHD as an example of how Soviet scientific development can be 

taken to the applications stage. 

Sheindlin's program at the Institute of High Temperatures is 

a major one, and in the twelve or thirteen years in which it has been 

in existence, the expenditures must have exceeded a quarter billion 

dollars (i.e., if the same work were to be done in the United States 

on the same scale).  The activities at the Institute of High Temperatures 

appear to be coordinated with specialist groups in various laboratories 
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and universities around the country, thereby forming a more-or-less 

national program with several thousand scientists, engineers, techni- 

cians, designers, and other support personnel. In addition to the 

support of the Academy of Sciences, the program also has strong 

financial backing from the Ministry of Energetic» and Electrification. 

Further, this Ministry, through the Krzhizhanovskiy Power Institute, 

maintains what has been described as its own in-house activities, 

notably the ENIN-2, apparently to have the means of independently 

pursuing the development and assessment of MHD. 

Based on open literature analysis, all indications are that the 

Soviet open-cycle MHD program (which constitutes roughly 80 percent of 

their overall effort) is overwhelmingly directed toward commercial 

application, especially high-efficiency, baseload, gas-fired plants, 

but that peaking stations are also being considered. Work on nuclear- 

electric systems for both commercial and space applications was 

considerable at one time at the Kurchatov Institute but now appears 

to have been either terminated or deflected into basic investigations 

of conceptual schemes for energy conversion with fusion reactors. 

In the United States, the interweaving of commercial and special 

applications MHD has been a feature *-v>roughout the development period 

since 1959. Organizations such as the Avco-Eveiett Research Laboratory 

have conducted most of their MHD development with support from both 

sources. A well-organized and purposeful commercial MHD program was 

conducted by Avco and the AEP utility group from 1960 to 1967. This 

carried MHD to the point where pilot plant construction was considered, 

but enthusiasm for nuclear power caused the cancellation of a proposal 

to build a 30-MW pilot plant.  The desirability of having alternate 

strategies for energy conversion systems because of the long lead times 

involved in plant development became more apparent as delays in the 

fast-breeder-reactor program mount and existing systems encounter diffi- 

culties in adapting to environmental standards laid down by the Clean 

Air Act.  Indeed, after 19 75 most eastern coal will be virtually 

unusable as a conventional electric-power generating fuel because of 

the problems of meeting emission standards, particularly for sulfur 

dioxide. The urgent need to improve coal technology has been widely 
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recognized, although the tendency has been to emphasize gasification 

and liquefaction of coal rather than its use in other types of electric- 

power generation. 

The plasma MHD central power plants compete well with the gas 

turbine, especially if they are directly coal fired.  If a gasification 

plant is used in front of the MHD plant, however, the efficiency of both 

the MHD and the gas-turbine plants must be multiplied by the efficiency of 

the gasification plant; this would result in a low overall figure of 

approximately 41 percent for a first-generation system.  Furthermore, the 

capital cost of a gasification plant must be added to that of the MHD 

plant.  Thus, if gasification is used in conjunction with MHD, the total 

system cost increases and the total system efficiency decreases.  It appears, 

however, that there is no need to incorporate a gasification cycle into 

an MHD power system, for U.S. experiments on direct coal-firing are 

progressing very well and are encouraging. 

On his most recent visit to the United States, in July 1973, 

Sheindlin said that natural gas was too valuable for MHD use and that 

the Soviet Union must eventually use coal to power the plants.  It 

appears that changes in the world market may, to a certain extent, have 

forced a change in Soviet polic.  This would mean that the U-?5 

is headed in the wrong direction, inasmuch as gaseous fuel will be 

unavailable in the world for central power generation in future 

years.  Sheindlin said that the USSR would have to run the U-25 

for perhaps five years before it would be possible to reconstruct 

it or modify it for use with coal.  He felt strongly that the way 

to acquire coal technology was to use natural gas first to learn 

how to use such plan'.s and then to modify them for coal.  Some noted 

U.S. MHD specialists believe just the opposite:  that coal plants 

are totally different from natural-gas plants.  Furthermore, the 

United States is not presently experiencing difficulties in gradually 

increasing the operation time of direct-coal-fired MHD channels. 

Several studies of MHD and its potential for commercial service 

have been conducted since the demise of the Avco-^EP Utilitv Program. 

The first of these, prepared in 1969 by the Office of Science and 
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Technology [20], was instrumental In reestablishing interest in MHD 

in the United States.  It recognized that MHD offered certain advantages 

for high-efficiency, coal-fired, baseload power generation, and recommended 

a modest research and development program to solve the key problems 

associated with coal firing. A $7-million-a-year program is currently 

under way through contracts from the Office of Coal Research of the 

Department of the Interior and the recently formed Electric Power Research 

Institute, successor to the Edison Electric Institute in utility research. 

Considering separately the areas of nuclear space power systems, 

military applications, and pulse installation power supplies, some 

general trends can b2 discerned. The United States has decreased 

its efforts in the direction of deep space probes as a result cf 

cuts in the overall space program and the difficulty of developing 

suitable ultrahigh temperature reactors for space power applications. 

The same factors may govern this situation in the Soviet Union.  There 

is no known work currently in either country to utilize MHD specifically 

for space power systems. 

The military area has until recently failed to produce a convincing 

application for MHD generators. Judging by the published literature, 

military influence is much more apparent in the United States than in the 

Soviet Union.  In the early days of DoD support, exploratory research 

and development was the goal, but emphasis on MHD applications pre- 

vailed through the late 1960s. 

U.S. systems design studies [97] have presented extensive data to 

support the feasibility of adapting the two-phase-flow liquid-metal 

generator cycle to submarine propulsion.  Recent publications and 

discussions with Soviet workers indicate that *-here has been a re- 

orientation in the USSR toward development of the two-phase-flow 

generator cycle.  In his closing remarks at the 1971 Munich International 

Conference on the Engineering Aspects of MHD Power Generation, Sheindlin 

made the following statement: 

A great deal of attention has been givtn to the 
investigation of liquid-metal facilities with a two-phase- 
flow in the MHD generator.  I would say that this was of 
specific interest at this conference and it is quite normal 
that a great deal of attention was, in fact, paid to it. 
Very interesting evaluations were made by Dr. Petrick in the 
U.S.A. and Prof^asor Bidard in France.  In our own country 
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there were also some very interesting evaluations of this 
type, which have shown that the overall efficiency of such 
facilities should exceed 40 percent....  It should also be 
noted that apart from the calculated data, comprehensive 
experiments r.re being carried out on models and also on 
actual generators working with fluid mixtures.  Specifically, 
we are studying the stability of such systems and the efficien- 
cies and power densities that can be attained. All of this 
is not quite clear yet but we hold that this direction of 
research is of great interest. 

The objective of the program to build a 1-MW power system based on 

a Rankine cycle variation of the two-phase-flow generator cycle at the 

Krzhizhanovskiy Power Institute, as described in the previous section, 

is especially interesting to speculate on. The choice of working 

fluids and the specific cycle configuration appears to stress 

compabitility with a water environment and elimination of rotating 

components.  The cycle as shown in Fig. 24 (p. 70) utilizes a condensing 

injector to circulate the thermodynamic working fluid (CO2 or H20) 

and a nozzle diffuser system to circulate the magnetohydrodynamic 

working fluid (Sn). The system could be utilized to provide electric 

power for submarine propulsion.  It is interesting to note that an 

early paper [100] discussed a similar system operating with Sn and 

CO2 but using the slug-flow generator, and discussed "low-temperature 

cycles for devices in which the condenser is cooled by cold water 

(as in ships, for example)." 

The continuing programmatic efforts on the condensing injector 

and separator cycles, as evidenced by the operation of an advanced 

system at the Institute of High Temperatures for several years, is 

somewhat puzzling.  It could simply be the end product of a long- 

range program that had developed substantial momentum.  On the other 

hand, the objective of developing a power system for possible use in 

near space, although less likely, may still be a real one. 

The use of MHD to power devices requiring large pulses of 

electric power foi short times (typically a minute or less) has often 

been proposed. The most ambitious program to achieve this was conducted 

by the Institute for Plasma Physics at Garching (near Munich) in the 

Federal Republic of Germany and involved the development of a small 

generator to show the feasibility of powering the magnet systems of 

tmg/m m t ■■■■■, .i 1 maliai 



78 

pulsed accelerators. This may be a particularly appropriate appli- 

cation for MHD because of its unique capability to provide large 

bursts of power for short periods, but the first truly successful 

utilization of MHD for this purpose has yet to be made. Persuasive 

evidence suggests that the USSR is also looking at MUD as a power 

source for particle beams — Sheindlin's MHD work ac the Institute 

of High Temperatures was referred to as being very useful for particle- 

beam application [101], and it was said that the Soviet particle-beam 

specialist had been transferred to Sheindlin's Institute. However, 

the characteristics of an MHD generator that might be constructed 

as a particle-beam power supply are so different from those of the 

U-02 and U-25 (the major facilities with which Sheindlin is associated) 

that it is difficult to see the connection. 

In September 1973, the Russian weekly, Nedelya  [102], reported 

Soviet plans to use an open-cycle MHD generator in the Tinn Shan mountain 

range.  The generator will be used for continuous sampling of the effec- 

tive resistivity of crustal rock under the Peter I ridge, for the purpose 

of earthquake prediction.  Because of the remoteness of the region, the 

compactness and construction simplicity of the MHD generator (as com- 

pared with conventional turbine generators) is a great — and perhaps 

the only — advantage. Pravdz  later reported (February 8, 1974) that 

the generator had been developed by the Kurchatov Institute of Atomic 

Energy and that it was in the multimegawatt power range. 
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VI.  CONCLUDING REMARKS 

The USSR has had a large, broad-spectrum MHD program for a number 

of years.  Few aspects of MHD have been ignored, and the program has 

achieved some successes — notably, the construction of a large-scale 

open-cycle MHD pilot plant, the U-25.  Precise comparisons of U.S. and 

USSR dollar outlays are difficult; however, some U.S. MHD specialists 

and utility engineers have estimated the U-25 hardware cost to be on 

the order of $100 million.  One American visitor cited a figure of 

$45-60 million [103], which appears to be somewhat low in terms of 

1973 dollars.  This is the cost required to construct similar hardware 

in the United States and, if accurate, would place the Soviet open-cycle 

program about five years ahead of that of the United States on a cost 

basis.  Because of present cost limitations on the U.S. program, it 

is believed that the United States is about five years away from the 

construction of a plant of the U-25 type.  And, judging from the large 

and ever-increasing number of Soviet published articles and the unconfirmed 

reports from private Soviet sources of large numbers of workers involved 

in the various MHD projects (one report claimed that 1000 workers were 

employed in the U-25 project alone [103]), the overall Soviet MHD effort 

is considerably larger than that of the United States and appears to be 

expanding.  If the cost of the visible MHD facilities and the number of 

reported project participants is any indication of the relative efforts 

in the three MHD power-generatio.n subfields reported in the Soviet 

open literature — open-cycle, closed-cycle plasma, md closed-cycle 

liquid-metal — the overwhelming bulk of the Soviet MHD effort is 

devoted to open-cycle studies. 

A. E. Sheindlin, the Director of the Institute of High Temperatures 

in Moscow, stated unofficially that the USSR strongly favors pursuing all 

three areas of MHD power generation, but that the main thrust of their 

effort i= in open-cycle MHD, which he estimated will take 20 to 25 years 

to complete, and consists essentially of four stages: 

1. preliminary research 

2. experience with the U-02 
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3. testing and evaluation of the U-25 facility 

4. construction within three to five years of a 500- to 

1000-MW(e) baseload MHD power plant (50 percent MHD 

and 50 percent steam turbine) using oil or gas fuel 

Currently, the USSR has about a dozen known major MHD facilities. 

Five are open-cycle MHD installations — the U-02 and U-25 at the Institute 

of High Temperatures, the ENIN-2 at the Krzhizhanovskiy Power Institute, 

the coal-burning facility at the Institute of Electrodynamics in Kiev, 

and the recently announced generator at the Kurchatov Institute of 

Atomic Energy (currently being used for earthquake prediction studies); 

four are closed-cycle plasma installations — a large linear shock 

tube and two blowdown facilities at the Kurchatov Institute of Atomic 

Energy and an arc-heated argon facility at the Institute of High 

Temperatures; and two are closed-cycle liquid-metal installations — 

a complete potassium loop at the Krzhizhanovskiy Power Institute and 

a reported loop at the Institute of High Temperatures. 

Soviet closed-cycle research and related facilities appear to be 

comparable with their U.'J. counterparts, although in most instances 

their reported technology lags somewhat behind that of the U.S.  Their 

open-cycle-generator technology is clearly inferior. On the other 

hand, their U-25 installation, the first complete MHD power plant in 

the world, is unique and undoubtedly is providing the Soviets with 

large-scale engineering experience unavailable to U.S. scientists. 

The Soviets took a considerable risk in going to the U-25, a 

fairly large pilot plant, directly from the experience gained in working 

with the relatively small U-02 plant, especially since the necessary 

MHD generator performance had not been demonstrated.  The U-25 is 

designed to operate at 2900° K, Mach 0.9 to 095, and 2 Tesla, and 

to deliver 300 MW(t) for 1000 hours. As of now, the peak temperature 

reached has been 2730° K; only 5 MW(e) of MHD power has been achieved 

for durations of one hour.  If current U.S. MHD technology were to be 

incorporated into the U-25, however, the power output could probably 

be raised to 12 MW(e). The main contribution of the American channel 

would be to increase segmentation so that the loading could be changed 

in such a way as to raise generator power to 12 MW(e) and to take 

advantage of hot electrodes. 
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While a considerable risk was involved in stepping from the small 

U-Q2 plant directly to the U-25 in terms of generator performance, it 

had great advantages in that long-duration materials testing could be 

undertaken both in the MHD generator and the auxiliary components under 

conditions which were representative of commercial MHD and which were 

capable of being scaled to commercial-sized units. A serious present 

lack in the U.S. program is a corresponding capability to test materials 
( 

on both a model-scale and pilot-scale facility, such as the U-25 provides. 

The Soviet Union's visible closed-cycle MHD program, although 

larger than the corresponding U.S. effort, is nevertheless relatively 

small.  Closed-cycle plasma work apparently never reached the large 

power-production stage (nor the high enthalpy extraction) achieved in 

the U.S. at General Electric.  It is probable that the extensive Soviet 

preoccupation with plasma instabilities led them to believe that the 

closed-cycle generator would never operate efficiently, and therefore 

j they apparently deemphasized the effort. 

The responsibility for closed-cycle plasma MHD development appears 

j to rest primarily with the Kurchatov Institute, which has a large linear 

shock tube similar to that at General Electric and two small blowdown 
I 

facilities. According to private discussions, scientists at that Insti- 

tute have taken the position that MHD can be suitably mated with a 1500° 

to 2000° K nuclear reactor, or a fusion reactor.  The latter could be 

a laser fusion device that would heat lithium to 3000° K or higher. 

The broad scope and low magnitude of the closed-cycle effort indicated 

by the open literature suggests that the Soviet approach to MHD-nuclear 

i reactor systems is long-range.  On the basis of known engineering work, 

the United States probably leads the USSR in closed-cycle plasma MHD 

at this time.  The U.S. closed-cycle effort, however, has in recent 

years been considerably curtailed. 

The liquid-metal program is more difficult to evaluate.  The Soviets 

have done some work that has not yet been undertaken in the U.S. — e.g., 

the operation of complete power systems at actual operating conditions 

(in the U.S., operating conditions were simulated).  The information 

gained from open sources, the observation of a large number of authors 

publishing in the field, and the number of participating institutes would 

1 
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suggest a substantial operation.     However,  most of  the published work 

[104-110]   from institutes other than the Krzhizhanovskiy,  the Kurchatov, 

and  the High Temperatures   (the big  three  in MHD research)   involve work 

of a secondary nature on MHD pumps,  nozzles,  and classical MHD problems. 

rather  than topics  critical to  generator development.     In sum,   the 

Soviet  liquid-metal  effort  is   larger  than that of   the United States at 

present,   but much smaller than the open-cycle effort   in either  country. 

Soviet  reticence  to discuss  their liquid-metal program with U.S. 

specialists,   coupled with apparently planned  release of specific  infor- 

mation,   suggests  that at   least a portion of  their liquid-metal  program 

may have military application.     It should be emphasized,  however,   that 

they  undoubtedly  have  interest   in developing liquid-metal MHD for com- 

mercial applications   [111-113]. 

The only ongoing liquid-metal MHD program in the United States,   at 

Argonne National Laboratory,   is  oriented   toward establishing performance 

levels  that are  likely  to be achieved with   the  two-phase generator cycle 

and  investigating  its  feasibility  for central-station commercial appli- 

cation,  as well as  for ship propulsion. 

There has  been some controversy  in the United  States  in recent years 

with respect  to  the relative merits of  the various MHD  technologies.     The 

present   energy crisis and  the concomitant need  for more  efficient  con- 

version  technologies  have revived interest  in MHD technology  for com- 

mercial  power applications.     The  resulting increased availability of 

research  funds, while still very  little in comparisoxi to  the  funding of 

other  energy  programs,   generated  considerable competition between the 

proponents of   the  three basic  categories  of MHD  technology, with  each 

group citing  favorable  data  in support of  its  approach — e.g.,   closed- 

cycle plasma proponents cite highest enthalpy  extraction and lower 

development  costs;   liquid-metal specialists cite  lower operating  tempera- 

tures  as  well as   lower development  costs.     The open-cycle effort,   however, 

has  outstripped   its  two competitors  and   is  being presently   conducted on a 

much   larger scale;   it appears   to be  the most   promising for  baseload 

central-station applications,   particularly  if  fossil   fuels  are used. 

Although   they  appear   to  have  considerable potential,   a major drawback of 
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the operational characteristics of the closed-cycle and liquid-metal 

technologies have not yet been clearly and completely demonstrated. 

There has been little experience with complete two-phase liquid- 

metal systems, and there are a number of unknowns associated with 

closed-cycle nonequilibrium MHD.  There is a question, for example, 

of whether the required level of ionization can be maintained over 

distances sufficiently great to make this scheme practical.  Likewise, 

there has been no demonstration that such a scheme will work with 

regenerative preheaters where large amounts of impurities introduced 

by such preheaters can prevent the establishment of nonequilibrium 

conductivity. A considerable amount of basic work remains to be 

done to answer these questions, and present experiments are still 

of very short-time duration (even when compared to the early short- 

time experiments in open-cycle MHD). 

Western interest in the closed-cycle technologies, as evidenced 

by the open literature, appears to be on the decline.  There has been 

a large decline in recent years in the number of papers submitted in 

these two subject areas (U.S. contributions especially have declined). 

I I I 
I 1 

U.S. AND USSR STATE OF THE ART 

It is very difficult to make an accurate comparison of the relative 

U.S. and USSR state of the art in MHD, for the two countries have followed 

two distinctly different approaches (mainly in terms of open-cycle work). 

In the USSR, the emphasis has been on materials development and in the 

engineering of large installations, with a correspondingly large amount 

of experience being gained in the handling of MHD systems.  This has been 

made possible by a generous budget and by the favorable attitudes of the 

people who direct the Soviet program.  Power-plant engineers have figured 

prominently in the Soviet program because of utility support, and this 

has led to a more engineering-oriented effort than has been the case in 

the United States, where aerospace-trained personnel have tended to domi- 

nace the field.  In the United States, a combination of personal interests, 

projects directed toward short-time military applications, and limited 
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funds have all  led  to a much more  intensive development of generators and 

a detailed understanding of  their performance.     Some  imaginative work in 

materials has  also been undertaken and  individual components  have been 

studied,  but  there  is as yet  no overall systems  experience  in any way 

comparable  to that now being acquired by  the  team which  operates  the U-25. 

A further aspect of U.S.  work has  been concentration on  the problems  of 

coal-firing and also  the environmental  implications of MHD,  and here  the 

United States  enjoys a  considerable  lead.     This situation  quite naturally 

forms a basis   for cooperation  in which  the United States  can exchange  its 

high   technology  expertise  in MHD  (i.e.,   far  greater understanding of 

generator design)   for the engineering and plant  experience acquired by 

the  Soviet  groups,  and   together,   the   two  countries  can bring MHD to  the 

point  of  technical  success more quickly  than would be possible  inde- 

pendently. 

Enough   experience  lias  been  gained with  open-cycle MHD   to make   it 

possible   to  have  a  gas-fired   pilot   plant  operating successfully   (in   the 

case of  the U-25 with  an output  of about  15 MW for a   thousand hours) 

within a  few years,  and   the engineering data   for a  coal-fired  pilot   plant 

LO be constructed  in  the United  States   in  the late 1970s   is  rapidly being 

accumulated.     The goal  of commercial  service  for MHD by  1985  remains a 

realistic one,   provided adequate  funding  is   forthcoming and no unforeseen 

setbacks  occur. 

In the special-applications area,  U.S.   pulsed-power  generator tech- 

nology  is sufficiently developed   to contemplate realistically   the con- 

struction of a  ground-based  prototype  to demonstrate  feasibility.     This 

has  come  about   through advances   in  superconducting-magnet   technology  and 

generator-channel   fabrication.     It must  be  emphasized,   however,   that   the 

U.S.   high-field superconducting magnets   for  MHD   (5-6  Tesla)  have  not   yet 

been constructed successfully  and   that all  magnets specifically   intended 

for  MHD service   (except   for a  very  recent  Japanese development)   have 

failed  to provide   fields  above 4  Tesj i,  although 5  to  C was  called  for 

in some designs.     Four Tesla is sufficient for a high-performance 

generator,  but   it  is   inadeauate  for baseload  fossil-fired units where 

preheated  air  does  not   yield  as   high  a   flame   temperature  as  oxygen  and 
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exotic   fuel.     Of   the many  technological areas  requiring further engi- 

neering development,   the superconducting magnet  is  certainly an important 

one.     If  Soviet  MHD magnet and  generator  technology  has  reached a 

corresponding level,   there  is  no  indication from the commercial program. 

Indeed,   in  the U.S.-USSR MHD exchenge program recently  negotiated,   the 

Soviets  pressed strongly   for a superconducting magnel  for   the U-02. 

This  presents a  rather curious  picture of   the present  level of 

Soviet superconducLing-magnet   technology.     The USSR is   known  to have a 
* 

first-rate superconductivity program    and  to have made some advances 

which are not  reflected in their MHD magnet  technology.     Aside from a 

small superconducting magnet used with an explosive-driven generator 

[39,   40]   (Fig.   21)  and a still smaller cold-bore magnet   [40,   114]   (Fig.   25) 

constructed  at   the  Institute  of  High  Temperatures,   the  Soviets  are  not 

ÄWiwjnj«^ 

Fig.   25 —   Small  cold-bore  saddle-coil  superconducting 
magnet   constructed by   the   Institute of 
High Temperatures   [ 1.14 i 

"See Y.  Ksande^ and S.  Singer, Advanced Concepts of Superconductivity, 
A Comparative Review of Soviet and American Research.    Part I.    High- 
Ter-pemture Superconductivity,  The Rand Corporation,  R-1401-ARPA, 
January 1974. 
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known to have constructed any superconducting magnets specifically for 

MHD applications. U.S. visitors to the Krzhizhanovskiy Power Institute 

were told that a superconducting magnet was being developed for the 

ENIN-2, and they were shown a schematic drawing of it (Fig. 18), but it 

is not known to have been constructed. Yet, the Soviets have recognized 

for a number of years the necessity of constructing such magnets for MHD 

applications [115]. 'Che probable cause of this situation is either that 

their MHD institutes have little or no contact with those involved with 

superconductivity or that they have had particular difficulty in con- 

structing ]^rge-core superconducting magnets, as is implied in some of 

their publications [115]. 

Professor Mori of Japan reported recently in c letter to members of 

the International MHD Liaison Group that the Japanese magnet for their 

Mark VI facility had attained a field of 4.75 Tesla out of a design goal 

of 5 Tesla. This magnet, which has a bore nearly 2 meters long, will be 

used in the imminent first high-field long-duration MHD generator tests. 

The Japanese Mark VI is similar in mass flow to the Avco Mark VI and has 

hitherto been operated, like their Mark II facility, with a conventional 

magnet of about 2.5 Tesla. 

IMPLICATIONS OF MHD FOR MILITARY TECHNOLOGY 

Prominent among the applications under consideration have been 

pulsed-power missiles and wind tunnels and power supplies for space 

platforms.  In these cases, the overall systems themselves have not 

developed to the point where power supplies were needed.  In the case 

of airborne battlefield illumination, MHD technology was simply not 

sufficiently advanced to meet the time requirements of the Vietnam war. 

The technology fallout via the materials used in MHD generator ducts, 

the fuel systems, and the component fabrication techniques is insignificant, 

as they are similar to those used in other high-temperature technologies. 

The powering of large accelerators and fusion magnets is more of a 

convenience than a necessity. The TVA has demonstrated at the Arnold 

Engineering Development Center that it can supply large pea'-, demands 

from a standard electric transmission network. However, operation with 

MHD would make it possible to provide electric energy if the regular 

supply were to be interrupted in an emergency. 
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Commercial programs generally require the development of an MHD 

generator with a relatively complex cycle, while military applications 

require a simple unit which emphasizes high performance. In general, 

commercial- and military-generator operating experiences in the develop- 

ment phase have much in common, but the design details differ considerably. 

The limitation on commercial systems is cost: The use of oxygen is 

uneconomical, and therefore the necessary high-enthalpy working fluid 

must be produced using fossile fuel with preheated air.  For this reason, 

the MHD unit must be designed for maximum enthalpy extraction, and the 

capital investment in an MHD plant becomes large. On the other hand, 

the military generator is required to be compact and to extract as much 

electrical energy as possible from the flowing gas; therefore, high 

energy densities are needed.  High energy densities are achieved by 

the use of pure oxygen and chemical fuels which lead simultaneously to 

high conductivity and high velocity. High enthalpy extraction is not 

the prime requisite in this case (unless fuel economy is extremely 

important); thus, the experience gained with large military generators 

is not directly applicable to commercial situations.  For this reason, 

many workers in the MHD field have recommended that enthalpy extraction 

be demonstrated as part of the pilot-scale hardware development. 

A promising military application is ship propulsion, and here 

liquid-metal MHD appears to have the potential to yield higher overall 

conversion efficiencies than present steam turbo machinery and mechanical 

drives, at drastically reduced noise levels. As a first step in this 

direction, it is necessary to experiment with various liquid-metal 

MHD systems in which heat energy is converted into electrical energy 

through a liquid metal.  For the two-phase system favored for this 

application, apparently no such demonstration has yet been undertaken 

in either the United States or the USSR, though this i presumably 

the purpose of the loop at the ENIN-II.  Argonne National Laboratory 

is currently building a high-temperature two-phase MHD generator and 

will test it on a sodium facility at 1000° F. 
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Appendix 

RECORD OF THE FIRST MEETING OF THE U.S.-USSR STANDING STEERING 

COMMITTEE FOR THE SCIENTIFIC AND TECHNICAL COOPERATIVE 

DEVELOPMENT OF COMMERCIAL SCALE OPEN-CYCLE 

MHD POWER PLANTS 

The U.S.-USSR Standing Steering Committee for the Scientific and 

Technical Cooperative Development of Commercial Scale Open-Cycle MHD 

Power Plants (hereinafter referred to as the Committee), held its first 

meeting in Washington, D.C., July 9 to 19, 1973.  This meeting was held 

in implementation of the understanding regarding open-cycle MHD co- 

operation (hereinafter referred to as the Understanding), reached between 

representatives of the U.S.-USSR Joint Working Group on Energy in Moscow 

on October 6, 1972, and endorsed as a cooperative program (hereinafter 

referred to as the Program), by the U.S.-USSR Joint Commission on 

Scientific and Technical Cooperation in Washington, D.C., on March 21, 3.973. 

I.  The Committee, at its first meeting, considered all aspects of the 

Program and affirmed the following points: 

A. The ultimate goal of the Program is to achieve, the design, 

construction, and initial operation of one or more com- 

mercial scale units in the two countries. 

B. The achievement of this goal in each country will be more 

quickly and surely realized at lower cost if the work is 

pursued jointly. 

C. The MHD power generation process has important potential 

for the better utilization of the fossil fuel resources, 

especially coal, of the two countries with substantially 

increased thermal efficiency and dramatically reduced 

environmental pollution relative to current electric power 

technology. 

D. The cooperation will have maximum effectiveness if it is 

conducted as an accelerated program within a time frame 
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consistent with current predictions for construction and 

initial commercial operation in the early 1980s. 

II. The Committee confirmed the Program, predicated upon the availability 

of annual appropriations from the Congress of the United States, and 

following approved funding by the official organs of the USSR. The 

Committee took note that the following specific activities had been 

proposed for the Program: 

A. Mutual Exchange of Technical Information 

1. Exchange of information by reports, preprints, and 

other items. 

2. Joint colloquia in both countries at least once a year. 

3. Exchange of specialists for short visits to laboratories 

and installations. 

B. Joint Theoretical and Experimental Research 

1. Development of joint programs for theoretical research 

and the conducting of agreed research projects. 

2. Development of a joint experimental research program 

using the following installations: 

a. United States 

Mark VI (Avco-Everett); UTSI-II (university of 

Tennessee); MHD Coal Burning Facilities (Bureau 

of Mines, Bruceton, Pa.); High Field MHD Magnet 

(Stanford University), and others under the 

Office of Coal Research Industry-sponsored MHD 

program. 

b. USSR 

U-02, U-25, and others (Institute for High Tem- 

peratures); ENIN-2 and others (Krzhizhanovskiy 

Power Institute). Other installations, as they 

are developed, will be added by both countries. 

3. Testing of equipment produced in one country in the 

facilities of the other country. 

a. Long duration tests of U.S. channel sections in U-02. 

b. Tests of U.S. material and air preheater construction 

elements in U-02. 
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c. Tests of U.S. electrode replenishment technique 

in U-02. 

d. Supply by U.S. of a 4-Tesla superconducting 

magnet for U-02 for testing both USSR and U.S. 

long duration channels. 

e. Supply and testing of U.S. channel and its com- 

ponents in U-25. 

f. Supply and testing of U.S. coal combustion chambers 

and other appropriate components for ENIN-2. 

g. Supply (according to the suggested equipment 

lists) of diagnostic equipment fron; Institute for 

High Temperatures to be tested on the Avco-Everett 

Mark VI. 

h.  Exchange of other diagnostic equipment as is 

mutually agreed upon. 

C. Cooperative Design of MHD Power Plants 

1. Choice of reference parameters for base and peaking MHD 

power stations and determination of power levels of fuel, 

oxidant, and other items. 

2. Preliminary design work and determination of station 

economics. 

j. Preparation of a program plan for the design and con- 

struction of the first commercial scale MHD units for 

base and peaking use in both the USSR and the United 

States. 

D. Evaluation of the Feasibility of Undertaking a Joint Program 

for the Construction and Initial Operation of Commercial 

Scale MHD Urics for Base and Peak Loads. 

III.  The Committee agreed that in order to fulfill the Program, work is to 

be undertaken in stages. The following tasks were selected as first 

priority items for the first six months of the Program. 
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A• By the United States 

1. Conceptual design of U-25 channel. 

2. Specification of materials to be tested on U-02. 

3. Conceptual design of 4-Tesla superconducting magnet 

for U-02. 

4. Provision of engineering and materials data obtained 

from operating facilities for joint comparison and 

evaluation. 

5. Specification of diagnostic equipment to be supplied 

to the USSR. 

B. By the USSR 

1. Conceptual design of diagnostic equipment (to be 

selected by the United States from a list supplied by 

the USSR). 

2. Provision of engineering and materials data obtained 

from operating facilities for joint comparison and 

evaluation. 

3. Supply of supplementary data for conceptual design of 

U.S. channel for U-25. 

4. Supply of supplementary data for conceptual design of 

superconducting magnet for U-02. 

5. Supply of initial data for the design of a coal com- 

bustion chamber. 

6. Organization of the first U.S.-USSR colloquium in 

Moscow. 

C. The above items represent the first stag« of the Program. 

Projected target dates for completion of specific projects in 

the Program are as follows: 

1. Design and construction of a U.S. channel 

for experimental work in the U-25   

Target Date 

1975 
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Target Date 

2. Design,  construction,  and installation 

of a U.S.  4-Tesla superconducting magnet 

for experimental work in the U-02    1975 

3. Materials and channel element  testing in 

the U-02    1974 

4. Design, construction, and testing of U.S. 

coal burner on a USSR installation       1975 

5. Cooperative design of pilot and commercial 

scale plants       1976 

Detailed program plans for the projects will be developed by 

both sides for consideration at the next meeting of the Com- 

mittee. 

IV. The Committee took note of the following developments since the 

negotiation of the understanding: 

1. The USSR prepared and transmitted through its delegation 

to the present meeting of the Committee programs and ref- 

erence data to implement the Program.  To initiate the 

exchange of information, the USSR delegation provided the 

complete report prepared by the Institute of High Tem- 

peratures on the first stage of the investigation conducted 

with the U-25 installation. 

2. The United States arranged a series of five ad hoc working 

group meetings during the first meeting of the Committee. 

These were attended by a total of thirty-four U.S. 

specialists and covered technical areas provided in the 

Program as follows: 

a. System Studies Power Plant design; 

b. Coal Combustion and Combustors; 

c. Materials Studies; 

d. Generator Channels for U-02 and U-25 Installations; 

e. Superconducting magnet for the U-02 Installation. 
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j.  The present program of MHD research and development in the 

two countries continues to develop and to yield encouraging 

results.  In the USSR, the U-25 pilot plant has now achieved 

4500 kilowatts of electrical output while the U -02 installa- 

tion has continuously operated generator channels for 300 

hours and has achieved 15000 hours of operation with the 

preheater in the temperature range 1700-2000° C.  In the 

United States, the Mark VI installation has accumulated over 

50 hours of satisfactory operation with hot electrodes, and 

the UTSI-II facility has successfully operated an MHD 

generator for over one hour on the products of the combustion 

of coal with oxygen. 

V.  The Committee supports the proposal by the United States to expand 

the cooperation to fundamental areas of magnetohydrodynamic power 

generation.  The Committee endorses the preparation of a letter by 

the U.S. National Academy of Sciences to the USSR Academy of 

Sciences making this proposal. 

VI.  The Committee agrees that the receiving side will cover in-country 

expenses of visitors, including necessary living, travel, and 

medical expenses, but recognizes that administrative authority 

must be obtained before this can be fully implemented.  Both side;: 

shall undertake to exert their best efforts to reach a final agree- 

ment on this point at the next meeting of the Committee. Neverthe- 

less, to enable the tasks .et forth in III A and B above to be 

undertaken and to conduct both the second meeting of the Committee 

and the first joint Colloquium, each side agrees to provide 

in-country expenses as specified above for up to the equivalent of 

one man year of effort for the period until the next meeting of 

the Committee. 
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VII. The Conunittee established the schedule of its own meetings and 

colloquia as follows: 

1. The Committee will meet biannually, in April or May in the 

USSR and in October or November in the United States. 

2. Colloquia will be held annually, alternately in the two 

countries, starting with the Soviet Union in 1974. 

3. Ad hoc working groups are to be organized and will meet as 

necessary. 

4. To effect the transition to this schedule, the next 

Steering Committee meeting and the first Colloquium will 

be held in Moscow in January or February 1974. 

VIII. The Committee wishes to record that it completed its work on estab- 

lishing the first phase of the Cooperation and initiating agreed 

activities in the frank and friendly atmosphere which is the custom 

in relations between workers in the USSR and United States in the 

field of MHD. 

A. E. Sheindlin 
Responsible from the USSR for 
Cooperation with the United 
States in MHD 

G. R. Hill 
Responsible from the United 
States for Cooperation with 
the Soviet Union in MHD 

Prepared in English and Russian, 
both texts being equally authentic. 
Washington, D.C. 
July 19, 1973 
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